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Abstract 


Alzheimer’s  disease  (AD)  is  the  leading  eause  for  dementia,  affeeting  over  4.6 
million  people  in  the  United  States.  The  eurrent  FDA  approved  drugs  only  provide 
temporary  relief  from  memory  loss  symptoms,  without  treating  the  underlying  root  eause 
of  the  disease.  The  amyloid  easeade  hypothesis  suggests  that  aggregation  of  the  amyloid 
beta  (AB)  peptide  into  a  neurotoxie  oligiomer  initiates  the  disease.  Small  moleeule 
eompounds  have  been  reported  to  inhibit  AB  peptide  aggregation,  as  well  as  reseue  AB 
indueed  toxieity.  Sereens  to  identify  eompounds  are  neeessary  to  inerease  the  ehanee  of 
developing  a  therapeutie  that  prevents  AB  aggregation  and  the  assoeiated  disease. 

Chapter  1  reviews  the  possible  meehanism  for  Alzheimer’s  disease  and  diseusses 
methods  to  prevent  the  disease.  Chapter  2  presents  results  from  an  E  coli  based  GFP 
fusion  anti-aggregation  sereen.  A  library  of  65,000  eompounds  was  sereened,  and 
potential  hits  were  eharaeterized  for  aggregation  inhibition  as  well  as  for  the  ability  to 
reseue  toxieity  of  the  AB  peptide.  Improvements  to  the  sereen  are  also  diseussed. 

Chapter  3  presents  the  results  from  a  sereen  designed  to  identify  eompounds  that 
bind  to  the  AB  peptide.  Small  moleeule  mieroarrays  (SMM)  were  used  to  identify 
eompounds  that  bind  to  AB.  Compounds  that  bind  have  the  potential  of  beeoming 
aggregation  inhibitors.  Over  20,000  eompounds  were  sereened,  and  several  hits  from  the 
sereen  are  shown  to  reseue  AB  indueed  toxieity. 

Chapter  4  looks  at  the  role  of  aromatie  interaetions  in  AB  peptide  aggregation. 
Pi-staeking  has  been  suggested  to  play  an  important  role  in  AB  peptide  aggregation. 
Disturbing  the  pi-staeking  interaetion  has  been  proposed  as  the  aggregation  inhibition 
meehanism  for  aromatie  eompounds.  Two  AB  mutant  peptides  laeking  aromatie  residues 
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were  found  to  aggregate  and  form  fibrils,  suggesting  that  aromatic  residues  are  not 
required  for  AB  aggregation.  Aromatic  compounds  were  found  to  inhibit  the  aggregation 
of  AB  mutants  lacking  aromatic  residues,  suggesting  that  the  mechanism  for  aggregation 
inhibition  is  not  due  to  pi-stacking  disruption. 
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Chapter  1.  Background  and  introduction 


1.1.  Protein  folding  and  aggregation 


Proper  polypeptide  folding  is  a  neeessary  and  eomplex  step  in  ereating  a 
funetional  protein.  Proteins  predominantly  fold  into  their  final  eonformation  based  on 
their  amino  aeid  sequence  (1).  However,  proteins  can  misfold  and  aggregate,  resulting  in 
a  gain  or  loss  of  protein  function  (2).  A  large  number  of  proteins  have  been  shown  to 
have  the  intrinsic  ability  to  fold  (or  misfold)  and  self  aggregate  into  highly  ordered 
structures  based  on  the  peptide  backbone  (3-6).  These  ordered  structures  are  long  and 
unbranched  fibers,  as  shown  in  Figure  1.1. 


Figure  1.1.  Fibrils  from  Alzheimer’s  disease.  Scale  bar  is  100  nm. 

The  fibrils  are  formed  by  the  aggregation  of  monomeric  P-strands  which  form 
multiple  P-sheets,  as  shown  in  Figure  1.2.  These  fibrils  then  aggregate  to  form 
extracellular  protein  deposits  called  amyloid  plaques.  They  were  name  amyloid  because 
early  investigators  though  that  the  plaques  were  comprised  of  starch.  It  was  not  until 
1971  that  Glenner  et  al  reported  that  they  were  made  from  proteins  (7). 
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Figure  1,2,  Model  of  Alzheimer’s  AB  fibril.  The  yellow  arrow  represents  the  direetion 
of  the  fibril  axis.  The  cross  P  unit  seen  here  is  comprised  of  five  individual  P  strands. 
Hydrogen  bonding  between  the  peptide  backbones  from  separate  peptides  form  the  two 
P-sheets  in  blue  and  orange.  Figure  from  Petkova  (8). 

The  transition  from  the  native  state  conformation  to  amyloid  fibril  is  a 

complicated  process.  The  peptide  transitions  from  its  native,  unfolded  state,  passing 

through  different  conformations  and  oligomeric  intermediates,  which  may  be  toxic, 

before  making  the  final  transition  to  the  fibril,  as  shown  in  Figure  1.3. 

Native  state  — >  Non-native  state  _  Early  aggregates  _  Intermediates  _  Fibrils 

(unfolded)  < —  (folded)  (protofibrils)  (oliogomeric  forms) 

Figure  1,3,  General  aggregation  pathway  for  amyloid  peptides  and  proteins 

Over  100  human  diseases  are  associated  with  amyloid  like  protein  aggregation  in 
various  tissues  and  organs  {9-11).  The  location  of  the  protein  aggregation  and  deposits 
determines  the  disease  and  symptoms.  For  example,  the  37  residue  amylin  protein  self- 
aggregates  and  forms  amyloid  fibers  and  plaques  in  the  islets  of  Langerhans,  which 
results  in  type  II  diabetes.  Similarity,  protein  accumulation  in  the  brain  results  in 
neurodegenerative  diseases.  Examples  (and  their  protein  or  peptide  component)  include 
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Creutzfeldt-Jakob  disease  (prion  peptide),  Parkinson’s  disease  (a-synuelein  protein),  and 
Alzheimer’s  disease  (amyloid  beta  peptide). 

1.2.  Alzheimer’s  disease  overview 

Alzheimer’s  disease  is  a  fatal  neurodegenerative  disease  inflicting  approximately 
4.5  million  Americans,  and  is  the  leading  cause  of  dementia  in  the  elderly  {12). 

Increasing  age  is  the  greatest  risk  factor  for  the  disease  -  10%  of  the  American 
population  over  65  years  and  50%  over  85  years  are  affected  by  the  disease.  These 
statistics,  in  addition  to  the  cost  associated  with  current  treatment  of  the  disease 
(estimated  at  $100  billion  a  year),  indicate  that  this  disease  may  “soon  become  the  most 
prevalent  and  socially  disruptive  illness  in  the  aging  populations  of  all  developed 
nations”  {13). 

Alzheimer’s  disease  (AD)  is  associated  with  the  accumulation  of  amyloid  plaques 
in  specific  memory  centers  of  the  brain,  as  shown  in  Figure  1.4.  The  main  protein 
component  of  the  plaques  is  the  amyloid  beta  (AB42)  peptide.  AB  is  produced  by  the 
cleavage  of  the  amyloid  beta  precursor  protein  (APP),  a  transmembrane  protein  770 
amino  acids  in  length.  APP  is  first  cleaved  by  P  secretase  to  form  the  N-terminal  of  AB, 
and  then  by  y  secretase  to  form  the  C-terminal  end  of  AB.  y  secretase  cleaves  the  C- 
terminal  end  in  varying  lengths,  with  the  most  prominent  lengths  of  AB  being  40  and  42 
residues  long  with  sequence  as  shown  below  using  the  single  letter  abbreviations  for 
amino  acids. 

DAEFRHDSGY^®  EVHHQKLVFF^°  AEDVGSNKGA^°  IIGEMVGGW^”  lA^^ 
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Figure  1,4,  PET  image  of  levels  of  Alzheimer’s  plaque  in  diseased  and  eontrol  patients 
brains.  Alzheimer’s  patient,  second  from  left,  non-diseased  patient,  third  from  left. 
Stained  used  is  specific  for  Alzheimer’s  plaques  (Pittsburg  B  compound).  Colors 
indicate  amount  of  plaque.  Figure  from  University  of  Pittsburgh  Medical  Center  website. 

Genetic  and  biochemical  studies  have  indicated  that  AB  plays  a  causal  role  in  the 
development  of  AD  {14-16).  Evidence  for  this  can  be  seen  in  both  the  early  onset  and 
late  onset  forms  of  the  disease.  Mutations  in  the  sequence  of  both  APP  and  y  secretases 
are  linked  to  the  early  onset  form  of  the  disease.  These  early  onset  forms  have  mutations 
that  result  in  increased  production  of  AB,  or  alter  AB  so  that  it  is  more  fibrillogenic  {1 7, 
18).  Additional  evidence  that  AB  was  causative  was  found  when  overexpression  of 
mutant  APP  and  mutant  secretases  genes  in  the  brains  of  transgenic  mice  led  to  AB 
deposition  and  other  disease-like  symptoms  {19).  Also,  in  humans,  the  APP  gene  is 
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located  on  chromosome  21 .  Down’s  syndrome  patients  have  a  third  eopy  of  chromosome 
21,  whieh  results  in  inereased  AB42  produetion  with  the  formation  of  plaques  as  early  as 
12  years  old  (20,  21).  Bioehemieal  researeh  indieates  that  AB  ean  aggregate  in  vitro,  and 
that  these  aggregates  are  direetly  and  indireetly  toxie  (22).  Finally,  the  amount  of 
apolipoprotein  E4,  a  lipid  binding  protein,  is  a  genetie  risk  faetor  in  late  onset  AD,  whieh 
results  in  inereased  AB  deposition  (25).  All  of  these  data  indieate  that  AB  is  responsible 
for  the  disease. 

The  amyloid  eascade  hypothesis  for  Alzheimer’s  disease  suggests  that  a 
neurotoxie  speeies  exists  on  the  AB  aggregation  pathway  (24-26).  The  toxie  speeies  has 
yet  to  be  identified,  but  evidenee  for  the  toxic  species  has  shifted  from  the  plaques  and 
fibrils  to  the  soluble  oligomers,  whieh  have  shown  to  be  better  eorrelated  with  disease 
symptoms  (27-31).  More  reeently,  soluble  AB  dodecamers  and  dimers  have  been 
reported  as  the  toxic  species  (52,  55). 

1.3.  Potential  Alzheimer’s  disease  therapies 

Based  on  the  amyloid  caseade  theory,  methods  that  reduee  the  amount  of  AB 
should  be  effeetive  at  treating  the  disease.  As  shown  in  Figure  1.5,  there  are  three  targets 
for  treating  AD.  These  inelude  eontrolling  or  limiting  AB  produetion,  preventing  AB 
aggregation  or  inereasing  AB  clearance  (34).  By  redueing  the  amount  of  AB,  or 
preventing  AB  aggregation,  these  treatments  will  prevent  the  formation  of  the  putative 
toxie  speeies. 
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Figure  1,5,  Potential  targets  for  inhibition  of  Alzheimer’s  disease 

1,3,1,  Limiting  production  of  AB 

Controlling  AB  produetion  ean  be  done  by  inhibiting  either  of  the  two  seeretases 
that  eleave  APP  to  form  AB.  However,  there  are  eoneems  with  bloeking  seeretases,  as 
they  may  be  involved  in  vital  biologieal  funetions.  For  example,  y  seeretase  is  eritieal  for 
Noteh  signaling  in  embryologieal  development,  so  eompletely  inhibiting  this  seeretase 
may  have  undesirable  side  effects,  as  mice  lacking  y  secretase  die  in  utero  (55).  A 
y  secretase  inhibitor  has  been  discovered  that  does  not  inhibit  Notch  signaling. 
Tarenflurbil  binds  y  secretase  at  a  different  location  than  the  active  site,  and  alters  the 
conformation  of  y  secretase  {36,  37).  The  overall  effect  is  the  production  of  a  shorter, 
non-toxic  form  of  AB  (AB38)  {36,  37).  AD  mice  treated  with  tarenflurbil  resulted  in 
reduced  plaque  load  and  a  slowing  of  learning  and  behavioral  deterioration  (55).  Despite 
the  fact  that  tarenflurbil  was  well  tolerated  in  humans,  and  Phase  II  clinical  trials  showed 
some  benefits  to  mild  Alzheimer’s  disease  patients  {39),  the  Phase  III  study  of 
tarenflurbil  showed  no  benefit  over  placebo,  and  studies  were  ultimately  discontinued  by 
the  company  {40). 


6 


1,3,2,  Reducing  the  amount  of  AB 


Another  possible  therapy  is  to  inerease  the  elearanee  rate  of  AB  so  the  total 
amount  of  AB  is  redueed.  One  method  is  to  aetivate  the  body’s  immune  response  to  elear 
AB  from  the  brain.  Aetive  immunization  of  young  (6  months)  and  older  (11  months) 
transgenie  AD  miee  with  AB42  prevented  or  redueed  the  development  of  amyloid-plaque 
formation,  neuritie  dystrophy  and  astrogliosis  (41-45).  Aetive  immunization  in  humans 
also  redueed  plaque  levels,  but  included  a  dangerous  side  effect.  During  the  Phase  II 
human  clinical  trial  with  active  immunization  by  a  synthetic  AB  peptide  (Elan 
Pharmaceuticals,  AN- 1792),  6%  of  the  patients  developed  meningitis.  This  event  halted 
the  Phase  II  clinical  trial  (46). 

In  2008,  the  long  term  follow  up  of  the  patients  involved  in  the  Phase  I  AN-1792 
clinical  trial  was  reported.  The  follow  up  report  revealed  that  AB  immunization  resulted 
in  effective  plaque  removal,  but  there  was  no  evidence  of  improved  survival  rates,  or  an 
increase  in  time  before  reaching  severe  dementia  versus  the  unimmunized  control 
group  (47). 

Passive  immunization  can  also  be  used  to  reduce  AB  levels.  Instead  of  injecting 
AB  and  having  the  host  develop  antibodies,  antibodies  raised  against  the  AB  peptide  can 
be  injected.  Immunization  of  transgenic  mice  with  AB42  antibodies  was  shown  to 
decrease  the  levels  of  AB  plaques  without  any  meningitis-like  side  effects  (48).  Elan  and 
Wyeth  used  a  humanized  monoclonal  antibody,  bapineuzumab,  in  a  clinical  trial  to  study 
passive  AB  immunization  therapy.  The  Phase  II  clinical  trial  data  of  bapineuzumab 
showed  that  passive  immunization  was  not  effective,  and  had  a  significant  side  effect  of 
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vasogenic  edema  (excess  fluid  in  the  brain)  {49).  Immunization  therapy,  while  promising 
at  plaque  removal,  can  have  unwanted  side  effects,  as  well  as  questions  of  effectiveness. 

1,3.3.  Preventing  the  aggregation  of  AB 

The  third  focus  area  is  targeted  at  preventing  the  aggregation  and  subsequent 
toxicity  of  AB.  Peptide  fragments  and  small  molecule  compounds  are  effective  at 
reducing  AB  aggregation,  fibrilization,  as  well  as  reducing  AB  induced  toxicity.  If  a 
small  molecule  is  capable  of  preventing  aggregation  prior  to  the  toxic  species,  the  small 
molecule  may  become  a  therapeutic  or  a  scaffold  for  drug  development.  Numerous  AB 
aggregation  inhibitors  of  have  been  reported  and  can  be  separated  into  peptide  fragments 
or  small  molecule  compounds. 

Peptide  fragments  of  AB  are  designed  to  prevent  aggregation  and  subsequent 
fibril  formation.  A  popular  inhibitor  strategy  has  been  designing  peptides  to  cap  the 
edges  of  P-sheets  to  prevent  fibril  extension.  Soto  et  al  designed  a  pentapeptide 
fragment,  LPFFD  (residues  17-21),  based  on  the  core  AB  sequence  known  to  form 
fibrils  (KLVFFAE,  residues  16  -  22)  {50).  The  designed  pentapeptide  included  a  proline 
residue,  known  to  disturb  P-sheets,  and  a  charged  amino  acid,  asparagine.  This 
pentapeptide  was  able  to  reduce  AB  aggregation  and  reduce  toxicity.  Sciarretta  et  al  used 
a  shorter  peptide  fragment,  KLVFF  (residues  16  -  20)  with  alternating  N-methlylation  of 
the  amide  residues  {51).  One  side  of  the  extended  P-strand  of  the  inhibitor  can  form  a  P- 
sheet  with  the  AB  peptide,  while  the  methylated  amide  side  cannot  donate  a  hydrogen 
bond  to  extend  the  sheet,  effectively  capping  the  edge  of  the  fibril.  Despite  the 
effectiveness  at  aggregation  inhibition,  small  peptide  inhibitors  are  not  good  as  drug 
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compounds  for  three  reasons:  ineffieient  delivery  meehanisms,  low  metabolic  stability, 
and  high  cost  (52).  Oral  delivery  of  small  peptides  will  suffer  from  degradation  by 
enzymes,  requiring  an  increased  dosage  requirement.  In  addition,  these  small  peptides 
have  short  metabolie  stability,  with  half  lives  on  the  order  of  minutes  to  hours.  Finally, 
there  are  the  high  eosts  of  synthesis  and  purifieation  of  peptides,  with  estimated  eosts  of 
$1600/gram  for  a  40  residue  peptide. 

A  set  of  small  moleeules  have  been  shown  to  disrupt  AB  aggregation  and/or 
fibrilization.  I  will  discuss  a  small  number  of  eompounds  that  have  been  identified  to 
inhibit  AB  aggregation.  Interestingly,  many  of  these  inhibitor  eompounds  have  aromatie 
groups  or  are  antioxidants. 

Congo  Red,  as  shown  in  Figure  1 .6,  is  a  histologieal  staining  dye  used  to  identify 
generie  amyloid  plaques.  Congo  Red  has  been  shown  to  bind  to  AB,  and  bloek 
fibrilization  and  toxieity  in  AB42  (53,  54).  In  AB40,  Congo  Red  only  shows  the  ability 
to  bloek  AB  toxicity  {54). 

Triazine  compounds  have  a  broad  range  of  biologieal  aetivities  to  inelude  anti¬ 
angiogenesis,  herbieidal,  and  anti-mierobial  activities  (55).  Nakagami  et  al  identified  a 
triazine,  RS-0466  (shown  in  Figure  1.6),  whieh  prevents  fibril  formation  and  inhibits  AB 
indueed  toxieity  (56).  Walsh  et  al  identified  that  RS-0466  inhibits  the  formation  of 
eellular  seereted  oligomers  of  AB  (57).  In  addition,  Kim  and  Heeht  identified  a  different 
triazine,  E2,  shown  in  Figure  1 .6,  as  an  aggregation  inhibitor  found  by  an  E.  coli  based 
AB-GFP  fusion  sereen  for  AB  aggregation  inhibitors  (55). 
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Figure  1.6.  Structures  of  Congo  Red  and  triazine  inhibitors. 

Ono  et  al  showed  that  six  red  wine  polyphenols,  myrieetin,  morin,  quereetin, 
kaemphferol,  eateehin  and  epicatechin  were  able  to  dose  dependently  inhibit  formation  of 
fibrillar  AB  40  and  42  (59).  Ono  suggested  that  more  hydroxyl  groups  attaehed  to  a 
compound  were  associated  with  higher  anti-amyloidogenie  aetivity  (5P).  Resveratrol,  the 
polyphenol  assoeiated  with  extending  life,  was  shown  to  lower  AB  peptide  level  through 
intraoellular  degradation  of  AB  via  a  mechanism  that  involves  the  proteasome  (60). 
However,  in  our  experiments,  resveratrol  was  shown  to  inhibit  AB  aggregation 
(diseussed  in  Chapter  4). 

Reeently,  Ehmhoefer  et  al  show  that  the  green  tea  polyphenol  epigalloeateehin 
gallate  (EGCG)  is  effeetive  at  inhibiting  AB  by  direetly  binding  to  the  natively  unfolded 
polypeptide  (61).  They  suggest  that  EGCG  shifts  the  normal  aggregation  pathway  from 
toxic  to  non-toxic  by  acting  as  a  chemical  chaperone  by  modulating  the  folding  pathway 
of  AB  to  prevent  the  assembly  of  the  toxic  species. 
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Figure  1.7.  Structure  of  polyphenol  AB  aggregation  inhibitors 
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Tannic  acid  is  a  water  soluble  polyphenol  that  is  used  in  tanning  leather.  Ono  et 
al  show  that  tannie  aeid  inhibits  fibril  formation  of  AB,  and  destabilizes  existing  fibrils  at 
a  level  higher  than  wine  related  polyphenols  {62). 

Other  small  moleeules  that  have  been  identified  to  inhibit  aggregation  inelude 
nicotine,  melatonin,  and  cureumin.  Nicotine  is  suggested  to  bind  to  the  small,  soluble  P- 
sheet  aggregate  (63).  The  hormone  melatonin  has  been  shown  to  prevent  P-sheet 
formation,  and  has  inereased  the  survival  rate  of  transgenie  AD  mice  (64).  Cureumin  is  a 
spice  found  in  yellow  eurry,  and  has  been  shown  to  inhibit  AB  oligomerization  and 
fibrilization  (65). 


melatonin 


cureumin 


Figure  1.8.  Strueture  of  melatonin,  cureumin,  and  nicotine 


nicotine 


An  aggregation  inhibitor  that  inhibits  by  a  different  meehanism  is  tramiprosate, 

(3 -amino- 1 -propane  sulfonie  aeid).  Tramiprosate  is  a  small  moleeule  glyeosaminoglyean 
mimetie.  Glycosaminoglyeans  have  been  shown  to  bind  to  soluble  AB  and  initiate  fibril 
formation  as  well  as  stabilize  amyloid  fibrils  onee  formed  (66,  67).  Tramiprosate, 
eompetes  for  glyeosaminoglyean  binding  sites  on  AB  whieh  prevents  fibril  formation  and 
reduees  soluble  AB  levels.  In  the  AD  mice  model,  tramiprosate  was  able  to  reduee 
plaque  burden  and  lower  cerebral  spinal  fluid  eoneentrations  of  AB  (68).  However,  the 
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FDA  recently  ruled  that  the  data  from  the  Phase  III  clinical  trial  were  inconclusive  and 
problematic  and  did  support  a  claim  for  clinical  efficacy  (69). 

In  summary,  all  three  potential  mechanisms  to  inhibit  AB  production, 
aggregation,  or  reduce  the  AB  concentration  have  compounds  in  development  or  in  a 
clinical  trial.  However,  initial  success  in  animal  tests  or  human  Phase  I/II  clinical  trials 
do  not  indicate  Phase  III  success  or  FDA  approval.  Because  of  this  low  success  rate,  a 
larger  number  of  potential  inhibitors  need  to  be  identified  to  increase  the  number  of 
compounds  that  reach  clinical  trials  in  order  to  find  an  effective  aggregation  inhibitor. 

1.4.  Thesis  outline 

This  thesis  will  focus  on  identifying  small  molecule  inhibitors  of  AB  aggregation 
as  well  as  investigating  the  role  of  aromaticity  in  AB  aggregation  and  inhibition.  In 
Chapter  2, 1  characterize  a  compound  selected  from  an  AB-GFP  fusion  aggregation 
screen  for  its  ability  to  inhibit  aggregation  and  reduce  AB  induced  toxicity.  This 
compound  was  also  chosen  as  a  scaffold  for  additional  structure  activity  studies.  In 
Chapter  3, 1  describe  the  development  and  implementation  of  a  high  throughput  binding 
screen  to  identify  compounds  that  bind  to  monomeric  or  low  molecular  weight  AB 
oligomers  as  a  pre-screen  to  identify  aggregation  inhibitors.  Compounds  that  bind  to 
monomeric  AB  have  the  potential  to  prevent  the  subsequent  AB  aggregation  and  toxicity. 
Compounds  identified  from  these  screens  were  similar  to  known  motifs  that  bind  to  AB, 
and  were  also  able  to  rescue  AB  induced  toxicity.  A  compound  selected  by  the  binding 
screen  was  characterized  for  its  ability  to  inhibit  aggregation  and  reduce  AB  induced 
toxicity.  In  Chapter  4, 1  describe  the  role  of  aromaticity  in  AB  aggregation.  It  has  been 
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suggested  that  aromatie  residues  play  an  important  role  in  amyloid  aggregation.  I 
identify  two  AB  mutants  without  aromatie  residues  are  still  able  to  aggregate  and  form 
fibrils.  I  also  show  that  aromatie  inhibitors  do  not  inhibit  aggregation  by  disturbing  the  pi 
staeking  process. 
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Chapter  2.  Characterizing  amyloid  beta  peptide  aggregation 


inhibitors  selected  by  the  AB-GFP  fusion  screen 

2.1.  Introduction 

Currently,  over  4.5  million  people  in  the  US  have  been  diagnosed  with 
Alzheimer’s  disease  (AD)  (1).  AD  is  linked  to  aging,  so  as  the  population  gets  older,  the 
number  of  people  diagnosed  with  AD  will  also  inerease.  Beeause  of  this  trend,  there  is 
an  inereased  need  for  Alzheimer’s  therapeuties  to  either  ease  symptoms,  or  prevent  the 
disease.  The  eurrent  FDA  approved  drugs  for  Alzheimer's  disease  only  temporarily  slow 
the  memory  loss  symptoms  and  do  not  treat  underlying  root  eause  of  Alzheimer’s 
disease. 

The  root  eause  of  the  disease  is  still  unknown,  but  foeus  has  been  centered  on  the 
accumulation  of  the  Alzheimer's  amyloid  beta  (AB)  peptide.  The  amyloid  cascade  theory 
suggests  that  a  toxic  species  exists  on  the  aggregation  pathway  of  AB,  as  it  aggregates 
from  monomer  to  oligomer  to  fibril  and  to  plaque  (2-4).  Preventing  AB  formation, 
increasing  AB  clearance,  and  inhibiting  AB  aggregation  are  three  possible  methods  to 
treat  the  disease  (5).  Preventing  formation  of  AB  can  be  accomplished  by  inhibiting  the 
secretases  that  cleave  the  precursor  protein,  and  increasing  the  AB  clearance  rate  has 
been  demonstrated  with  immunization  against  AB  (6,  7).  However,  there  are  questions 
about  effectiveness  and  unwanted  side  effects  in  both  of  these  treatment  methods  (5). 

The  third  treatment  path  is  to  identify  compounds  that  inhibit  the  aggregation  of  AB  into 
the  putative  toxic  species.  Compounds  that  have  this  ability  can  be  used  as  potential 


20 


drugs  for  AD  treatment.  In  order  to  seareh  the  numerous  eompound  libraries  available, 
high  throughput  sereens  to  identify  aggregation  inhibitors  are  neeessary. 

Our  lab  has  previously  developed  an  E.  coli  based  high  throughput  sereen  to 
identify  eompounds  that  inhibit  AB  aggregation  (P).  The  sereen  is  based  on  a  GFP  fusion 
protein  expressed  in  E.  coli.  As  shown  in  Figure  2.1,  the  sequenee  for  AB  is  loeated  at 
the  N-terminal  of  the  fusion  protein,  followed  by  a  linker  sequenee,  and  GFP.  The  12 
amino  aeid  linker  sequenee  was  shown  to  eorrelate  the  solubility  of  the  inserted  protein  to 
GFP  fluoreseenee  {10). 

Kim  et  al  showed  that  the  AB-GFP  fusion  protein  was  able  to  identify  eompounds 
that  inhibited  AB  aggregation  (P).  These  inhibitor  eompounds  prevent  the  AB  portion  of 
the  fusion  from  aggregating  whieh  allows  the  GFP  portion  of  the  fusion  to  effeetively 
fold  and  fluoresee.  Ineffeetive  eompounds,  or  eompounds  that  do  not  get  past  the 
membranes  of  E.  coli,  do  not  prevent  the  aggregation  of  the  AB  fusion,  and  therefore  do 
not  fluoresee.  In  a  pilot  study  of  1000  triazine  eompounds,  Kim  et  al  identified 
eompound  E2  as  an  aggregation  inhibitor  and  D2  as  an  ineffeetive  eompound  (P).  The 
struetures  are  shown  below,  in  Figure  2.1. 
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Figure  2,1,  Top;  AB-GFP  fusion  protein  layout.  Left:  Cartoon  representation  of  AB- 
GFP  fusion  assay.  Right:  Compound  inhibitor  (E2)  and  ineffective  compound  (D2) 
found  by  the  AB  GFP  fusion  assay.  Figure  from  Kim  et  al  (9). 

In  this  chapter,  I  will  discuss  the  implementation  of  the  AB-GFP  fusion  screen  on 
a  library  of  65,000  compounds.  Compound  737  was  a  compound  identified  by  the  AB 
GFP  screen  as  a  possible  AB  aggregation  inhibitor.  Secondary  studies  indicated  that 
compound  737  was  able  to  reduce  AB  aggregation  as  determined  by  the  thioflavin  T 
fluorescence  assay.  Subsequent  toxicity  studies  in  a  neuronal  cell  culture  model  showed 
that  compound  737  rescued  AB  induced  toxicity.  Several  compound  analogs  to  737  were 
chosen  for  a  structure  activity  study.  Several  737  analogs  also  reduced  AB  aggregation 
as  well  as  rescued  AB  induced  toxicity.  These  results  indicate  that  compound  737  is  a 
good  scaffold  for  development  of  AB  aggregation  inhibitors.  Further  studies  indicated 
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that  although  compound  737  was  indeed  active  in  both  thioflavin  T  and  eell  toxicity 
assays,  its  initial  selection  in  the  AB-GFP  fusion  screen  was  due  to  an  artifaet. 

2.2.  Results 

Compounds  that  inhibit  the  aggregation  of  AB42  are  useful  as  potential 
therapeutics  for  Alzheimer’s  disease  as  well  as  for  providing  additional  information  about 
the  proeess  of  aggregation  inhibition.  I  used  our  lab’s  E.  coli  based  AB-GFP  fusion  assay 
to  screen  the  eompound  colleetion  at  the  Broad  Institute  of  Harvard  and  MIT.  Their 
collection  contains  libraries  of  commercially  developed  compounds,  natural  product 
extracts,  as  well  as  university  synthesized  compounds.  Over  65,000  compounds  were 
assayed,  and  after  data  analysis,  the  sereen  reduced  the  number  of  compounds  for  follow 
on  testing.  Compounds  from  the  selection  were  selected  based  on  availability  for 
additional  aggregation  and  toxicity  tests. 

Briefly,  LB  media  with  IPTG  was  added  to  384  well  plates.  IPTG  was  added  to 
LB  media  without  E.  coli  present  to  prevent  AB-GFP  expression  prior  to  compound 
addition.  Compounds  and/or  DMSO  were  added  to  the  LB  and  IPTG  plates  by  a  384 
well  drug  dispensing  maehine.  After  eompound  dispensing,  plates  eontaining  LB,  IPTG, 
and  compounds  were  read  for  fluoreseence  on  a  plate  reader  at  the  GFP  wavelength  to 
identify  fluorescently  aetive  eompounds.  After  the  fluoreseent  pre-screen,  E.  coli  with 
AB-GFP  fusion  plasmid  was  added  to  the  384  well  plates  and  incubated  at  31° C  for  5 
hours.  A  final  post  incubation  fluorescent  measurement  was  taken  and  the  data  were 
analyzed. 
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2,2,1.  AB-GFP  fusion  pre-screening 


The  AB-GFP  fusion  assay  is  based  on  the  fluorescence  of  the  GFP  fusion  protein. 
During  preliminary  assay  development,  I  discovered  that  compounds  may  also  be 
fluorescently  active  at  the  same  excitation  and  emission  wavelengths  as  used  for  the  AB- 
GFP  fusion,  with  riboflavin  being  a  notable  example.  Because  it  would  be  difficult  or 
impossible  to  separate  the  fraction  of  fluorescence  attributed  to  the  fusion  protein  and  the 
fraction  due  to  the  fluorescence  of  the  compound,  I  decided  eliminate  these  compounds 
during  data  analysis.  A  pre-read  of  the  compounds  was  implemented  to  identify 
fluorescently  active  compounds  in  an  attempt  to  reduce  the  number  of  false  positives. 

2.2.2,  Fusion  screen  positive  and  negative  controls 

The  GFP  fusion  system  negative  control  consists  of  the  AB-GFP  fusion  protein 
without  any  test  compound  added.  The  positive  control  is  another  GFP  fusion  protein, 
where  a  soluble  mutant  of  AB  is  located  at  the  N-terminal.  GM6  is  a  double  mutant  of 
AB42  (F19P  L34S),  and  was  shown  by  Wurth  et  al  to  be  soluble  and  aggregate  less  than 
AB42  {11).  The  GM6  fusion  was  chosen  as  the  positive  control  for  the  upper 
fluorescence  limit  on  the  assay  because  it  has  the  same  length  peptide  as  AB,  and  it  is 
unlikely  that  a  small  molecule  compound  would  have  the  ability  to  inhibition  aggregation 
to  the  level  of  fluorescence  as  GM6. 

2.2.3.  AB-GFP  fusion  data  analysis 

Fluorescence  readings  after  incubation  of  E.  coli  with  compound  were  collected 
for  each  test  compound  in  duplicate.  Z-scores,  or  standard  scores,  were  calculated  for 
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each  compound  using  a  standard  pipeline  calculation  for  high  throughput  screening  as 
developed  by  Seiler  et  al  {12,  13).  Z-scores  indicate  how  many  standard  deviations  a 
fluorescence  compound  measurement  is  above  or  below  the  control  value  mean.  Since 
each  screen  involved  duplicates,  the  Z-score  was  combined  to  form  a  composite  Z-score. 
Composite  Z-scores  were  calculated  for  both  fluorescence  pre-read  and  after  incubation 
measurements. 

To  remove  the  compounds  that  are  fluorescently  active  at  the  GFP  wavelength, 
the  pre-read  composite  Z  was  plotted  on  the  X  axis,  and  the  after  incubation  measurement 
was  plotted  on  the  Y  axis,  as  shown  in  Figure  2.2.  Compounds  that  are  fluorescently 
active  will  show  up  on  the  x  =  y  diagonal.  As  shown  in  Figure  2.2,  several  compounds  in 
blue  are  fluorescently  active  at  the  same  wavelength  as  GFP. 
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Data  analysis:  removing  fluorescently  active  compounds 


Pre  read  Composite  Z  score  (standard  deviations) 


Figure  2,2,  Determining  if  a  compound  is  fluorescently  active  at  the  GFP  wavelength. 
Compound  pre-read  composite  Z-scores  are  plotted  on  X  axis,  with  post  incubation  GFP 
fluorescence  Z-scores  plotted  on  Y  axis.  Red  squares  represent  negative  control  (AB- 
GFP  fusion  without  compounds),  green  squares  represent  positive  control  (GM6  fusion), 
and  blue  squares  represent  AB-GFP  fusion  with  compounds.  Compounds  on  the  x  =  y 
diagonal  indicate  compounds  that  are  fluorescently  active  at  the  GFP  wavelength. 

2,2,4,  Thresholds  for  selection 


Fluorescently  active  compounds  were  identified  by  the  pre-screening  data  were 
eliminated  by  removing  compounds  that  had  a  pre-read  Z  score  of  3  or  greater  (3 
standard  deviations  above  the  control  AB42  with  DMSO)  as  shown  by  the  blue  vertical 
line  in  Figure  2.3.  3  standard  deviations  was  used  as  the  criteria  as  it  was  the  highest 
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value  reached  by  the  AB-GFP  pre  read  control  wells  with  no  compound.  Compounds 
were  considered  as  hits  if  their  post-incubation  fluorescence  Z-score  (as  plotted  on  the  Y 
axis  on  Figure  2.3)  was  greater  than  3  (black  horizontal  line).  These  selection  rules 
identify  compounds  that  are  not  fluorescently  active  at  the  GFP  wavelength  and  have  post 
incubation  GFP  fluorescence,  which  are  the  hits  from  the  screen,  and  are  highlighted  by 
the  red  box  in  Figure  2.3. 
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Data  analysis:  selecting  fusion  hits 

Compounds  selected  in  area  of  red  rectangle 


Pre  read  Composite  Z  score  (standard  deviations) 


Figure  2,3,  Selection  rules  to  identify  compounds  hits  in  the  AB-GFP  fusion  assay. 

2,2,5,  Compounds  selected  by  the  AB-GFP  fusion  screen 

A  total  of  269  compounds  were  selected  by  the  AB-GFP  screen.  9  compounds 
from  this  group  were  selected  for  additional  testing  based  on  availability,  as  shown  in 
Figure  2.4. 
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Figure  2,4.  Structures  of  compounds  selected  by  the  AB-GFP  fusion  screen  for  addition 
testing. 


These  compounds  were  then  tested  for  their  ability  to  inhibit  aggregation  with  the 
thioflavin  T  assay.  Thioflavin  T  is  a  dye  that  is  negligibly  fluorescent  in  solution  but 
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experiences  a  significant  increase  in  fiuorescence  after  binding  to  amyloid  fibrils  {14). 
An  aggregation  inhibitor  added  to  a  sample  of  AB  would  show  reduced  thiofiavin  T 
fluorescence  when  compared  to  an  untreated  sample.  In  this  assay,  AB  peptide  is 
incubated  at  31° C  for  5  hours  with  and  without  aggregation  inhibitor.  The  aggregation 
inhibition  ability  of  selected  screening  compounds  is  shown  in  Figure  2.5.  (Compound 
160  was  not  tested  because  it  was  not  soluble  in  DMSO).  Compound  737  has  a  clear 
dose  dependent  inhibition  and  compound  594  has  a  slight  aggregation  inhibition. 
Compounds  621,  282,  126,  and  118  were  not  effective  at  inhibiting  aggregation. 
Interestingly,  compounds  281  and  514  show  a  very  large  increase  in  AB  aggregation. 
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Aggregation  inhibition  of  screening  compounds 


737  621  281  282  126  118  594  514 


■  AB42  with  DMSO 

■  25  uM  of  compound 

■  50  uM  of  compound 

■  100  uM  of  compound 


Figure  2,5,  Aggregation  inhibition  of  compounds  found  by  AB-GFP  fusion  with  AB42. 
AB42  concentration  of  20  uM,  with  5  hour  incubation  at  37°C.  Single  measurements. 

2,2,6,  Characterization  of  compound  737 

Compound  737  was  selected  for  additional  testing,  as  it  was  identified  as  a 
potential  inhibitor  by  the  AB-GFP  fusion  screen  and  was  able  to  reduce  AB  aggregation 
(Figure  2.5).  Compound  737,  shown  in  Figure  2.4,  is  aromatic  and  has  a  relatively  flat 
structure,  which  are  characteristic  of  previously  identified  AB  aggregation  inhibitors. 

Subsequent  thioflavin  T  studies  of  compound  737  show  a  similar  dose 
dependence  aggregation  inhibition.  As  shown  in  Figure  2.6,  the  IC50  of  737,  or 
concentration  of  compound  necessary  to  reduce  the  thioflavin  T  fluorescence  value  by 
half,  is  approximately  9  uM.  In  comparison,  the  triazine  E2,  from  Kim  et  al  had  a 
reported  IC  50  of  approximately  30  uM  (P). 
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Dose  dependence  inhibition  of  AB42  \n/737 


Concentration  of  737  in  uM 


Figure  2,6,  Dose  dependence  aggregation  inhibition  of  AB42  with  different 
concentrations  of  737.  AB42  concentration  of  20  uM,  with  24  hours  incubation  at  37‘’C. 
In  triplicate,  standard  error  reported. 

The  thioflavin  T  time  course  of  AB42  with  and  without  compound  737  at  varying 
concentrations  is  shown  in  Figure  2.7.  As  increasing  amounts  of  737  are  added  to  the 
AB42,  the  fluorescence  of  thioflavin  T  decreases,  indicating  less  aggregation. 
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Figure  2,7,  Time  course  inhibition  plot  of  AB42  with  varying  concentrations  of  131 . 
AB42  concentration  of  20  uM.  Values  are  an  average  of  two  wells  with  standard 
deviation  reported  as  error. 

2,2,7,  Toxicity  studies 

The  previous  data  indicate  that  compound  737  effectively  inhibits  AB 
aggregation.  The  next  step  was  to  determine  the  ability  of  compound  737  to  rescue  AB 
induced  toxicity  in  a  neuronal  cell  culture  model.  PC  12  cells  are  a  neuronal  cells  line 
extracted  from  the  brains  of  rats,  and  have  been  used  as  a  model  system  for  AB  rescue. 
As  shown  in  Figure  2.8,  compound  737  is  able  to  rescue  AB42  induced  toxicity.  PC12 
cells  treated  with  737  and  AB42  had  a  viability  of  73%,  while  cells  with  AB  without  any 
compound  had  a  viability  of  51%. 
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Rescue  ability  of  737  in  PC12  cells 

100% 


Figure  2,8,  Ability  of  737  to  rescue  AB  induced  toxicity  in  PC12  cells.  AB42 
concentration  of  20  uM  with  737  concentration  of  100  uM.  Data  normalized  to  PC12 
cells  with  no  AB.  Average  of  triplicate  samples  with  standard  error  reported.  DMSO 
used  to  dissolve  compound  737.  Rescue  by  737  is  statistically  significant  at  rescue,  with 
p  <  0.05  as  determined  by  the  Student’s  TTest. 

2,2,8,  Structure  activity  relationship  (SAR)  studies  of  compound  737 

Because  compound  737  was  able  to  inhibit  AB  aggregation  and  rescue  AB  induced 
toxicity,  I  used  the  structure  as  a  scaffold  to  identify  other  AB  inhibitors.  In  addition, 
structure  activity  relationship  studies  can  provide  information  on  motifs  necessary  for 
aggregation  inhibition  and  toxicity  rescue.  13  analogs  to  737  were  selected  for  additional 
studies,  as  shown  in  Figure  2.9. 
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Figure  2,9.  Compound  analogs  of  737  selected  for  additional  tests 

The  analogs  were  tested  for  their  ability  to  inhibit  AB  aggregation  with  the 
thioflavin  T  assay,  as  shown  in  Figure  2.10.  All  but  one  compound  analog  (compound 
742)  was  able  to  reduce  AB  aggregation.  As  shown  in  Figure  2.10,  two  analogs,  999  and 
831,  are  better  aggregation  inhibitors  than  compound  737.  Both  of  these  compounds 
have  smaller  substituents  at  both  the  Ri  and  R2  position.  Compound  999  has  a  hydrogen 


34 


at  both  positions  Ri  and  R2,  while  compound  83 1  has  methyl  groups  at  both  Ri  and  R2 
positions.  Both  of  these  substituents  are  smaller  than  the  Ri  group  on  compound  737, 
which  suggests  that  a  smaller  substituent  group  at  Ri  makes  a  difference  in  aggregation 
inhibition.  This  trend  is  also  shown  when  comparing  999  and  831  to  519  and  571.  519 
has  a  Ri  of  ~CH2-Ph,  and  571  had  a  Ri  of  ~CH2-0-Ph,  and  both  are  worse  at  aggregation 
inhibition.  Position  Ri  has  steric  issues  associated  with  aggregation  inhibition,  with 
smaller  substituents  being  better  than  larger  ones. 
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Inhibition  of  AB42  aggregation  with  737  and  analogs 


2.00 
1.80 
1.60  - 
1.40 
1.20  -I 
1.00  ■ 
0.80  ! 
0.60  I 

0.40 

0.20  I 
0.00 


III 


I  I 


-  I 


6?*  A^  A^  o?*  tO' 

V  <0^  V  A^  A^  ^0'  O)'  A'^  <V  'V  A^ 


3 

< 


m 

00 


1.00 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

0.10 

0.00 


I 


cP 
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Figure  2,10,  Inhibition  of  AB42  aggregation  by  737  and  analogs.  Top;  737  and  analog 
compounds.  Bottom;  Without  compound  742  and  scaled  Y  axis.  AB42  concentration  at 
20  uM  with  compound  concentration  at  100  uM.  5  hour  incubation  at  37°C.  Average 
value  of  three  wells,  with  standard  deviation  reported  as  error. 
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Large  substitutions  at  position  R2  also  reduce  the  compound’s  aggregation 
inhibition.  Compounds  977,  1079  and  979  all  have  a  phenyl  substitution  at  position  R2 
and  do  not  inhibit  as  well  as  999,  831,  and  737,  which  have  smaller  substituents.  This 
also  suggests  that  sterics  play  a  role  at  the  R2  position. 

Halogenations  of  the  phenyl  ring  at  Ri  in  general  did  not  lower  aggregation 
inhibition,  as  737,  without  any  halogenations  of  the  ring  was  better  than  any  analog  with 
a  halogenated  Ri  substituent.  However,  a  trend  was  identified  with  halogens  located  at 
the  para  position  on  the  phenyl  ring  at  Ri  based  on  halogen  size.  The  para  fiuoro  phenyl 
substituent  was  slightly  better  than  the  para  chloro,  which  was  better  than  the  para 
bromo  compound,  744,  746,  and  745  respectively.  This  trend  reinforces  the  Ri  steric 
interaction  as  described  above,  as  the  smallest  halogen  had  the  best  aggregation 
inhibition.  It  is  also  possible  that  electronic  interaction  has  a  role  in  aggregation 
inhibition. 

The  final  trend  identified  that  any  ortho  halogen  substitution  on  the  phenyl  ring  at 
position  Ri  would  prevent  aggregation  inhibition  by  the  compound.  Compounds  977, 
739,  and  742  are  either  ortho  fiuoro  or  ortho  chloro  and  were  the  least  effective  analogs. 
Compound  742  had  an  increased  thioflavin  T  fluorescence  value,  suggesting  that  this 
compound  could  increase  AB  aggregation. 

2,2.9.  Toxicity  rescue  by  compound  737  analogs 

The  compound  analogs  were  also  tested  for  their  ability  to  rescue  AB42  induced 
toxicity.  Before  rescue  experiments  were  attempted,  the  toxicity  of  the  compound  alone 
was  determined  by  adding  compounds  to  PC  12  cells  without  AB.  Compound  toxicity  is 
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shown  in  Figure  2.11,  with  cell  viability  was  normalized  to  untreated  PC  cells.  Three  out 
of  the  13  compound  analogs  were  clearly  toxic  to  the  PC  12  cells.  These  three  compound 
share  a  common  structure  of  a  as  the  substituent  at  the  R2  position.  All  the  other 

compound  analogs  had  either  a  methyl  or  phenyl  group  located  at  the  R2  position,  and 
were  not  toxic.  Some  analogs  seemed  to  increase  the  viability  of  the  PC  12  cells.  These 
compounds  may  increase  viability,  but  can  also  be  attributed  to  several  factors,  including 
an  increased  starting  number  of  PC  12  cells  prior  to  compound  addition,  incubator 
hotspots,  or  plate  edge  effects,  all  of  which  would  increase  cell  viability. 


Toxicity  of  737  and  analogs 


Figure  2,11,  Toxicity  of  737  analogs  in  PC12  cells.  Values  are  average  of  triplicate 
samples.  Data  normalized  to  PC  12  cells  with  no  compounds  added.  Standard  errors  are 
reported. 
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2,2,10,  Compound  efficacy 


As  shown  in  Figure  2.12,  eight  out  of  the  13  analogs  were  able  to  signifieantly 
rescue  AB  induced  toxicity.  The  compounds  that  were  identified  as  toxic  to  PC  12  cells 
(Figure  2.1 1,  compounds  999,  519,  and  571)  were  not  significantly  effective  at  rescue. 

The  top  5  analogs  for  rescue  all  had  a  methyl  group  at  R2.  Compound  744  was 
the  best  at  rescue,  and  has  a  para  fluoro  phenyl  Ri  group;  next  was  compound  830,  with 
the  meta  fluoro  phenyl  Ri  group;  third  was  compound  746  with  the  para  chloro  phenyl 
Ri  group;  followed  by  compound  742  with  the  meta  fluoro  phenyl  Ri  group.  In 
comparing  the  para  fluoro  (744)  ,  para  chloro  (746),  and  para  bromo  (745),  the  smaller 
the  halogen,  the  better  the  rescue  ability  of  the  compound.  Halogenation  on  the  phenyl 
ring  at  the  Ri  position  is  responsible  for  the  difference  in  viability.  For  rescue,  the  para 
fluoro  position  was  better  at  rescue  than  the  meta,  which  was  better  than  the  ortho  for  the 
Ri  position.  The  same  trend  was  shown  when  the  halogen  was  changed  from  fluoro  to 
chloro;  the  para  chloro  was  better  than  the  ortho  chloro  position  for  rescue. 
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Rescue  ability  of  737  and  analogs 


Figure  2,12,  Ability  of  737  and  analogs  to  rescue  AB42  induced  toxicity  in  PC  12  cells. 
Values  are  averages  of  triplicate  samples.  Data  normalized  to  PC12  cells  with  no  AB 
average  wells,  with  standard  error  reported.  *  indicates  that  the  compound  is  statistically 
significant,  p  <  0.05.  with  Student’s  TTest. 

There  did  not  seem  to  be  a  correlation  between  compound  aggregation  inhibition 

ability  and  toxicity  rescue  among  the  compounds  that  were  not  toxic.  For  example, 

compound  83 1  was  a  compound  that  had  the  second  lowest  thioflavin  T  fluorescence 

value  (less  aggregation),  but  was  5*  best  at  rescuing  AB  induced  toxicity.  Additionally, 

compound  742  had  an  extremely  high  thioflavin  T  fluorescence  value  (more  aggregation) 

but  yet  was  able  to  rescue  AB  induced  toxicity  to  69%  (4*''  best  at  rescue).  Because  both 

of  these  compounds  have  different  substituents  at  Ri  and  Ri,  it  is  possible  that  they 
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inhibit  at  different  timepoints  on  the  aggregation  pathway  (monomerie  or  oligomeric 
forms).  Since  these  compounds  rescue  AB  induced  toxicity,  these  compounds  also  shift 
the  aggregation  pathway  from  the  normally  toxic  to  a  different  non-toxic  pathway. 

2.2,11.  Testing  737  analogs  into  the  AB-GFP  fusion  system 

Compound  analogs  of  737  were  also  tested  in  the  GFP  fusion  system  to  identify 
the  effects  of  the  different  substituent  on  the  fusion  screen.  Analogs  were  first  checked 
for  fluorescence  at  the  GFP  wavelength,  as  shown  in  the  top  of  Figure  2.13.  After 
incubation  with  E.  coli  and  expression  of  the  AB-GFP  fusion  protein,  it  was  noted  that 
some  compounds  had  abnormally  high  GFP  fluorescence  values  (742).  These  values 
were  even  higher  than  the  GM6  fusion  control,  which  was  used  as  the  upper  fluorescence 
limit.  The  pre-read  of  the  compounds  indicated  that  some  analogs  were  slightly 
fluorescently  active,  but  not  as  high  as  the  post-incubation  levels.  These  abnormally  high 
fluorescence  reading  suggested  the  possibility  that  E.  coli  was  metabolizing  the 
compounds  into  a  fluorescently  active  compound,  or  that  the  compounds  become 
fluorescent  upon  binding  to  the  E.  coli  membrane  or  other  cellular  component. 
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AB-GFP  fusion  fluorescence  after  incubation 
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Figure  2,13,  Fluorescence  of  737  analogs  in  LB  media  and  in  fusion  system.  Top.  Pre 
read  of  compound  in  LB  media.  Bottom.  GFP  fluorescence  after  addition  of  E.  coli, 
induction  and  incubation  at  37°C  for  5  hours.  Values  are  averages  of  three  wells,  with 
standard  error  reported.  Final  compound  concentration  at  100  uM.  Y-axis  scales  are 
comparable. 
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In  order  to  identify  if  E.  coli  was  proeessing  eompounds,  E.  coli  without  the  AB- 
GFP  fusion  plasmid  veetor  was  incubated  with  the  compounds.  According  to  Figure 
2.14,  the  fluorescence  of  the  compounds  in  LB  media  (compound  pre-read,  in  blue)  is 
nominal,  with  742  being  slightly  high.  After  5  hour  incubation  with  E.  coli  (after 
incubation,  in  red),  it  is  clear  that  the  addition  of  E.  coli  is  responsible  for  the  increase  in 
fluorescence.  Compounds  519,  571,  737,  739,  742,  and  830  all  exhibited  very  large 
increases  in  fluorescence  at  the  GFP  wavelength.  Since  there  is  no  plasmid  present  in 
this  E.  coli,  there  is  no  GFP  fusion  protein  being  produced.  This  indicates  that  E.  coli  is 
processing  the  compound  into  a  fluorescent  active  compound,  or  compound  binding  to 
the  E  coli  membrane  is  causing  the  fluorescent  activity.  Thus  it  appears  that  the  selection 
of  compound  737  from  the  GFP  fusion  screen  was  because  it  became  fluorescent  upon 
the  interaction  with  E  coli.  Thus  it  was  a  false  positive  and  not  due  to  its  effect  on  the 
AB-GFP  fusion. 
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Figure  2,14,  Compound  fluorescence  in  LB  and  compound  fluorescence  in  E.  coli 
without  fusion  plasmid  vector  after  incubation.  Fluorescence  of  compounds  in  LB  media 
is  shown  in  blue,  and  the  compound  and  E  coli  fluorescence  after  5  hour  incubation  at 
37°C  is  shown  in  red.  Final  compound  concentration  is  100  uM.  Values  are  averages  of 
three  wells,  with  standard  error  reported. 

2.3.  Discussion 

Screens  to  identify  AB  aggregation  inhibitors  are  necessary  in  order  to  select 

compounds  with  the  potential  to  become  Alzheimer’s  therapeutics.  The  AB-GFP  fusion 

assay  was  previously  shown  to  be  successful  at  identifying  aggregation  inhibitors  in  a 

pilot  library.  The  next  step  was  to  screen  larger  compound  libraries.  I  screened  a  65,000 

compound  library  with  the  AB-GFP  fusion  screen.  Data  analysis  of  the  fusion  screen 

narrowed  the  potential  compounds,  and  after  revalidation  of  the  selected  compounds, 
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compound  737  was  selected  for  additional  eharacterization.  Subsequent  test  indieated 
that  the  compound  737  was  able  to  reduee  AB  aggregation  and  reseue  AB  indueed 
toxicity. 

Based  on  both  results  from  aggregation  and  toxieity  studies,  eompound  737  was 
an  effeetive  AB  aggregation  inhibitor,  and  used  to  identify  eompound  analogs  for  a 
strueture  aetivity  study  (SAR).  13  analogs  were  selected  and  tested  for  their  ability  to 
reduee  aggregation  and  reseue  toxieity.  Most  of  the  analogs  were  able  to  reduee 
aggregation,  with  some  eompounds  being  more  effeetive.  The  main  trend  identified  was 
that  the  size  of  the  Ri  and  Ri  groups  were  linked  to  the  aggregation  inhibition  ability. 
Smaller  sized  Ri  substituents,  sueh  as  '-H  and  ~CH2-CH3  were  better  than  ~Ph  and  -CHi- 
Ph  at  reducing  AB  aggregation.  Of  note,  the  most  effective  compounds  at  reducing 
aggregation  did  not  have  the  -'CH2-Ph  group  attaehed  at  position  Ri.  This  is  interesting 
as  eompounds  that  ean  disturb  aromatie-aromatie  interactions  have  been  suggested  as  a 
meehanism  in  how  compounds  inhibit  amyloid  aggregation  (75).  This  is  investigated 
further  in  Chapter  4  of  this  thesis.  These  results  ean  also  be  explained  by  eompound 
solubility  in  the  final  assay  solution.  The  eompounds  with  the  smaller  Ri  and  R2 
substituents  will  be  more  soluble  than  the  eompounds  with  a  ~CH2-Ph  group.  An 
increased  solubility  of  a  eompound  provides  more  compound  to  bind  to  AB. 

The  toxieity  studies  indieated  that  the  analogs  were  able  to  rescue  AB42  indueed 
toxieity.  Only  one  eompound,  744,  had  a  viability  seore  higher  than  compound  737.  The 
differenee  was  a  para  fiuoro  substituted  phenyl  ring  at  position  Ri.  Changing  the 
halogen  from  fiuoro  to  chloro  or  bromo  signifieantly  deereased  PC  12  eell  viability, 
suggesting  that  the  overall  size  of  the  Ri  group  is  eritieal,  or  that  the  fluorine  is  making  a 
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critical  hydrogen  bond.  In  contrast  to  the  trend  found  in  aggregation  inhibition,  the 
phenyl  substituent  on  Ri  signifieantly  inereases  viability.  This  ean  be  shown  when 
eomparing  eompound  737  to  831.  Toxieity  studies  also  show  that  when  the  R2 
substituent  is  an  H,  the  eompound  is  toxie  to  PC  12  eells,  regardless  of  what  substituent  is 
at  Ri.  Finally,  at  position  Ri,  methyl  substituents  are  better  than  aromatie  substituents. 

2.3.1.  Potential  rescue  mechanism  of  737  and  analogs 

The  thioflavin  T  data  indieate  that  less  aggregation  oeeurs  when  AB42  is  treated 
with  737  and  analogs.  In  the  toxieity  study,  737  and  analogs  were  also  able  to  reseue  AB 
indueed  toxieity.  The  toxie  speeies  has  been  suggested  to  be  an  oligomer  and  reeently, 
dimers  and  dodeeamers  have  been  identified  as  the  toxie  speeies  {16,  17).  Beeause  the 
exaet  toxie  speeies  is  unknown,  it  is  extremely  diffieult  to  determine  where  the  eompound 
interferes  with  the  normal  aggregation  proeess.  Thioflavin  studies  indieate  that  less 
aggregation  is  oeeurring,  and  that  the  eompound  ean  reseue  AB  indueed  toxieity.  This 
suggests  that  the  eompounds  are  preventing  the  formation  of  the  toxie  speeies. 

2.3.2.  Why  was  737  selected  hy  the  AB-GFP  fusion  screen? 

False  positives  from  high  throughput  sereening  are  not  desirable  but  expeeted. 
Therefore,  sereening  proeesses  have  to  be  in  plaee  to  minimize  false  positives.  Sinee  the 
fusion  sereen  uses  fluoreseenee  to  determine  eompound  effeetiveness,  eompounds  that 
are  aetive  at  the  emission  wavelengths  of  GFP  will  be  seleeted  as  hits.  In  addition,  false 
positives  ean  arise  from  mutations  in  the  AB-GFP  fusion  sequenee  that  make  the  AB 
portion  of  the  fusion  more  soluble  as  demonstrated  by  the  GM6-fusion  protein. 
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However,  this  false  positive  seenario  is  an  unlikely  to  happen  beeause  of  plasmid 
sequeneing,  and  that  all  the  wells  would  be  fluoreseent,  as  the  mutation  would  be  in  every 
well. 

In  the  pilot  study  of  the  AB-GFP  fusion  assay  with  the  triazine  library, 
meehanisms  for  generating  false  positive  hits  were  not  diseussed.  However,  during  assay 
development  to  move  the  sereen  from  96  to  384  well  plates,  I  identified  that  several 
eompounds  were  fluoreseently  aetive  at  the  GFP  wavelength.  To  aeeount  for  these 
fiuoreseently  aetive  eompounds,  a  step  was  added  to  pre-sereen  the  eompounds  after  they 
were  dispended  into  the  plates.  This  pre-read  data  was  used  in  to  identify  and  remove 
eompounds  that  were  inherently  fluorescent.  However,  this  pre-screen  step  does  not 
account  for  the  possibility  of  E.  coli  processing  or  membrane  interactions  altering  the 
fluorescence  of  the  compounds.  This  was  exactly  the  reason  why  compound  737  was 
selected  as  a  false  hit  from  the  fusion  screen.  I  did  not  take  into  account  that  E.  coli 
would  process  a  non- fluorescent  compound  into  one  that  was  fluorescent  at  the  screening 
wavelength. 

For  this  AB-GFP  aggregation  screen,  false  positives  from  compound  fluorescence 
as  well  as  E.  coli  processing  and  membrane  interaction  will  always  be  an  issue.  From 
this  study  and  from  the  small  molecule  microarray  screening  results  (Chapter  3)  many 
compounds  fluoresce  at  the  green  wavelength.  Because  of  this,  a  shift  in  the  color  of  the 
fluorescent  fusion  protein  may  reduce  the  number  of  false  positives.  There  are  a  variety 
of  different  fluorescent  proteins,  so  a  change  to  a  wavelength  that  has  less  compound 
activity  would  reduce  the  number  of  fluoreseently  active  compounds  that  have  to  be 
eliminated  {18).  The  shift  to  red  to  a  RFP  (mCherry;  monomeric)  is  likely  to  reduce  the 


47 


number  of  fluorescently  active  compounds,  because  not  as  many  small  molecule 
compounds  fluoresce  at  the  red  wavelength  (personal  observation,  Chapter  3).  For 
example,  if  compound  737  was  screened  in  an  AB-RFP  fusion,  compound  737  would  still 
be  processed  into  an  active  green  compound,  but  it  would  have  been  scanned  for 
aggregation  inhibition  at  the  red  wavelength. 

While  considering  fluorescent  protein  replacements  for  the  fusion  system,  other 
characteristics  have  to  be  considered.  The  folding  time  of  the  potential  fluorescent 
protein  replacement  is  a  critical  component,  because  a  very  rapidly  folding  fluorescent 
protein  may  not  report  the  aggregation  inhibition  of  the  compound  effectively  {19).  The 
AB-GFP  fusion  currently  has  a  5  hour  incubation  time,  which  was  sufficient  to  identify 
aggregation  inhibitors  (P).  Other  fluorescent  proteins  have  a  range  of  folding  times: 
mCherry  has  a  folding  time  of  15  minutes,  while  the  orange  variant,  mOrange,  has  a 
folding  time  of  2.5  hours  (75).  Another  important  consideration  is  the  brightness,  or 
quantum  efficiency  of  the  fluorescent  protein  replacement.  A  higher  quantum  efficiency 
is  a  critical  factor  because  fluorescence  of  the  fusion  protein  is  measured,  and  higher 
quantum  efficiency  would  provide  better  sensitivity.  mCherry  has  a  quantum  efficiency 
of  0.22,  while  mOrange  has  a  significantly  higher  quantum  efficiency  at  0.69  (75),  which 
is  also  slightly  higher  than  the  0.60  quantum  efficiency  of  the  GFP  currently  used  in  the 
fusion  system. 

In  addition  to  changing  the  fluorescence  wavelength  to  reduce  false  positives,  the 
AB-GFP  screen  can  be  moved  to  a  cell  free  system  for  transcription  and  translation, 
where  the  cell  membranes  are  eliminated  by  containers  having  necessary  components  for 
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protein  expression.  This  cell  free  system  would  virtually  eliminate  any  processing  or 
membrane  interaction  effects. 

Despite  the  fact  that  compound  737  was  found  fortuitously  in  the  AB-GFP  fusion 
screen  through  an  artifact,  it  is  an  effective  inhibitor  of  AB  aggregation,  and  has  the 
ability  to  rescue  AB  induced  toxicity.  Analogs  based  on  the  737  scaffold  were  also  able 
to  inhibit  aggregation  and  rescue  AB  induced  toxicity.  The  next  step  is  to  determine  the 
effectiveness  in  animal  models  of  Alzheimer’s  disease  -  fruit  flies,  nematodes,  and 
eventually  mice. 

2.4.  Summary 

I  screened  65,000  compounds  with  the  AB-GFP  fusion  to  identify  compounds  that 
could  inhibit  AB  aggregation  inhibition  and  identified  compound  737  as  a  potential 
inhibitor.  Aggregation  and  toxicity  experiments  indicated  that  it  was  a  good  compound 
and  scaffold  for  identifying  other  inhibitors  of  AB  aggregation.  SAR  studies  of  analogs 
identified  trends  for  aggregation  inhibition  and  toxicity  rescue.  However,  compound  737 
was  a  false  positive  result  from  the  AB-GFP  screen,  due  to  E.  coli  processing  or 
membrane  interaction  into  a  fiuorescently  active  compound.  Solutions  in  order  to 
prevent  future  false  positives  include  prescreening  compounds  at  the  observation 
wavelength,  in  addition  to  shifting  fluorescent  protein  from  the  green  wavelength  to  one 
where  compounds  are  not  fluorescent,  such  as  red  or  orange,  as  well  as  moving  the  AB 
GFP  fusion  screen  to  a  cell  free  system. 
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2.5.  Materials  and  methods 


AB  GFP  Fusion  assay:  IPTG  (1  mM  final  concentration)  was  added  to  LB 
media  and  20  uL  of  indueed  media  was  dispensed  into  eaeh  well  of  a  384  well  plates 
(Coming,  black  with  clear  and  flat  bottom)  using  a  Multidrop  Combi  mieroplate 
dispenser  (Thermo).  300  nL  of  eompounds  was  transferred  from  the  stoek  eompound 
library  plates  by  the  CyBi-Well  96-  and  384-  Channel  Simultaneous  Pipettor  (Cybio), 
with  the  384  tip/300nL  dispensing  pin  head  installed.  All  stoek  eompounds  were 
dissolved  in  DMSO.  Eaeh  library  dmg  plate  was  sereened  in  duplicate.  A  DMSO  stoek 
dmg  plate  was  ineluded  as  the  no  eompound  eontrol.  After  dmg  addition,  sereening 
plates  were  read  at  the  GFP  wavelength  (485  nm  excitation,  510  nm  emission)  on  an 
Envision  plate  reader  (Perkin  Elmer). 

E.  coli  BE21  eontaining  the  AB42  GFP  or  GM6  fusion  plasmid  were  grown 
overnight  at  37“C,  at  250  RPM.  A  larger  volume  (depending  on  the  number  of  plates  to 
be  screened)  of  EB  was  inoeulated  and  grown  at  37“C  at  250  RPM  to  an  ODeoo  of  0.5. 
After  pre  sereening  of  dmg  eompounds,  20  uE  of  AB42-GFP  E.  coli  was  added  using  a 
Multidrop  Combi  mieroplate  dispenser  (Thermo)  to  eaeh  eompound  and  DMSO  eontrol 
well  for  a  final  volume  of  40  uE.  Final  eompound  eoneentration  was  approximately  75 
uM.  20  uE  of  GM6-GFP  E.  coli  was  added  to  each  positive  eontrol  well.  Plates  were 
ineubated  in  a  warm  room  at  37°C  for  5  hours,  without  shaking  or  plate  eovers.  After 
incubation,  screening  plates  were  read  at  the  GFP  wavelength  (485  nm  excitation,  510 
nm  emission)  on  an  EnVision  plate  reader  (Perkin  Elmer). 

Compounds:  Compound  737  and  analogs  were  purchased  from  ChemDiv  (San 


Diego,  CA). 
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Peptide  purification.  Crude  peptides  from  FMOC  synthesis  were  purchased 
from  the  Keck  Institute  at  Yale  University,  and  purified  using  a  C4  reverse  phase  column. 
Solvent  gradients  were  run  at  65°C  using  solvent  A  (95%  water,  5%  acetonitrile,  0.1% 

IF  A);  and  Solvent  B  (50%  acetonitrile,  50%  water,  0.1%  IF  A). 

Thiofiavin  T  Assay.  0.5  mg  of  AB  peptide  was  dissolved  in  300  uL  DMSO  and 
diluted  with  5  mL  of  8  mM  NaOH  for  a  final  peptide  concentration  of  20  uM. 
Concentrated  PBS  buffer  was  added  to  the  solution  to  adjust  the  pH  (final  concentration; 
50  mM  NaH2P04,  100  mM  NaCl,  pH  7.10  -  7.20).  Samples  were  incubated  with  and 
without  compound  at  37‘’C  under  quiescent  conditions  for  the  indicated  time  period.  At 
various  timepoints,  100  uL  aliquot  of  peptide  sample  was  mixed  with  100  uL  of  a 
solution  of  thiofiavin  T  (7  uM  ThT,  50  mM  glycerol-NaOH,  pH  7.10)  and  fluorescence 
was  measured  at  483  nm  (excitation  at  450  nm)  on  a  Varioskan  plate  reader  (Thermo 
Scientific). 

Toxicity  experiments:  Rat  pheochromocytoma  (PC12)  cells  (ATCC,  Rockville, 
MD)  were  grown  on  collagen  coated  (BD  Biosciences),  tissue  treated  petrie  dishes 
(Falcon  3003)  in  complete  growth  media  (82.5%  F12K  15%  horse  serum,  2.5%  fetal 
bovine  serum,  ATCC  Rockville,  MD)  in  a  humidified  incubator  at  37°C  and  5%  CO2 
(Herra,  Thermo  Scientific).  Cells  were  grown  to  confluence,  and  harvested  by  spraying 
through  an  18.5  gauge  needle,  resuspended  in  fresh  media  and  plated  onto  tissue  treated 
flat  bottom  96  well  plates  (Costar)  at  a  density  of  10,  000  cells  per  well  (100  uL/well). 
Plates  were  incubated  at  37°C  for  24  hours  to  allow  cells  to  attach.  Lyophilized  AB42  (1 
mg)  was  dissolved  in  100  uL  of  cell  culture  grade  DMSO  (ATCC),  sonicated  and  diluted 
with  1.0  mL  of  sterile  1  x  PBS  buffer  (Invitrogen)  for  a  final  stock  concentration  of  200 
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uM.  10  uL  of  the  AB42  peptide  solution  was  added  to  eaeh  well  (100  uL)  for  a  final 
peptide  eoneentration  of  20  uM.  1  uL  of  10  mM  inhibitor  eompound  dissolved  in  DMSO 
was  added  to  each  well  (in  triplicate)  for  a  final  drug  concentration  of  100  uM.  Plates 
with  AB  peptide  and  inhibitor  compound  were  incubated  for  24  hours.  Cell  viability  was 
determined  with  the  MTT  assay  (Roche, (20,  21)).  Briefly,  10  uL  of  MTT  was  added  to 
each  well.  After  incubation  for  4  hr  at  ZTC,  100  uL  of  solubilization  solution  (10%  SDS 
in  0.01  M  HCl)  was  added  and  incubated  overnight  at  37°C.  The  absorbance  at  570  nm 
was  measured  using  a  Varioskan  microplate  reader  (Thermo  Scientific),  with  background 
subtraction  at  670  nm.  Statistical  significance  was  calculated  with  the  two  tailed 
(uncorrelated)  TTEST  function  in  Microsoft  Excel. 
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Chapter  3.  Amyloid  beta  binding  as  a  primary  screen  for 
identifying  aggregation  inhibitors 

3.1.  Introduction 

Aberrant  protein  aggregation  is  responsible  for  many  human  diseases  {1,  2).  The 
loeation  of  the  aggregated  proteins  determines  the  disease  symptoms.  For  example, 
protein  aggregation  in  the  brain  results  in  neurologieal  diseases;  examples  inelude 
Parkinson’s  and  Alzheimer’s  disease  (AD).  In  AD,  the  peptide  responsible  for  the 
aggregation  is  40  -  42  residues  long,  named  amyloid  beta  (AB).  After  produetion, 
monomerie  AB  self-aggregates  to  eventually  form  the  eharaeteristie  plaques  that  are 
found  in  speeifie  memory  eenters  of  the  brain,  leading  to  the  physieal  symptoms  of 
memory  loss,  dementia,  and  eventual  death. 

The  meehanism  leading  to  Alzheimer’s  disease  ean  be  explained  by  the  updated 
amyloid  easeade  theory,  whieh  suggests  that  a  neurotoxie  oligomer  forms  as  AB 
aggregates  from  monomer  to  fibril  (3,  4).  The  nature  of  the  toxie  speeies  is  still 
unknown,  but  studies  have  indieated  that  the  presence  of  soluble  AB  oligomers  is  better 
correlated  with  dementia  than  plaque  load  {5-10).  Recently,  Lesne  et  al  identified  that  a 
dodecamer  oligomer  form  of  AB42  was  toxic  in  mice  {11)  and  Shankar  et  al  identified 
that  soluble  dimers  isolated  from  confirmed  AD  patients  were  disruptive  to  a  learned 
task  when  injected  in  rat  brains  {12). 

Current  drugs  used  to  treat  Alzheimer’s  disease  only  treat  the  symptoms  of 
memory  loss,  and  not  the  root  cause  of  the  disease.  Currently,  there  are  no  FDA 
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approved  drugs  that  interfere  with  the  aggregation  pathway  to  prevent  the  toxie  species  in 
Alzheimer’s  disease.  Therefore,  identifying  small  molecule  aggregation  inhibitors  is 
important  for  the  development  of  AD  therapeutics. 

Aggregation  inhibitors  must  first  bind  to  AB.  Compounds  that  bind  to  AB  are 
critical  because  binding  is  a  necessary  first  step  for  any  interaction,  inhibition  or 
enzymatic  action.  If  these  compounds  can  bind  to  the  early  stages  of  AB  aggregation, 
they  can  potentially  inhibit  further  aggregation  into  toxic  species.  These  compounds 
would  be  useful  to  slow  down  disease  progression,  and  provide  additional  insight  into  the 
toxic  species.  Currently,  there  are  no  high  throughput  screens  to  identify  compounds  that 
bind  to  monomeric  or  low  molecular  weight  AB  oligomers. 

I  wanted  to  identify  compounds  that  bound  to  monomeric  or  early  oligomers  of 
AB  to  see  if  these  compounds  could  be  used  as  inhibitors  or  scaffolds  for  leads.  To  do 
this,  I  probed  small  molecule  microarrays  (SMMs)  with  fluorescently  labeled  AB. 

SMMs  have  libraries  of  diverse  small  compounds  covalently  attached  to  the  surface  of  a 
glass  slide.  Compounds  that  bind  to  AB  are  identified  by  the  fluorescent  tag,  as  shown  in 
Figure  3.1. 
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protein 


protein-small  molecule 
interaction  on  a  microarray 


Figure  3,1,  Cartoon  representation  of  a  SMM  binding  screen.  Compounds  are 
covalently  attached  to  the  slide  surface  and  are  probed  by  incubating  with  fluorescently 
labeled  peptide  (or  protein).  Compounds  that  bind  are  identified  by  the  fluorescent  tag 
after  several  wash  steps.  Figure  modified  from  Vegas  et  al  (13). 

SMMs  are  high  throughput  parallel  binding  assays  which  have  been  effective  at 
identifying  several  specific  protein-ligand  interactions,  including  transcriptional 
regulators  uretupamine  A  and  haptaminde  A,  ligands  to  human  IgG,  calmodulin  ligands, 
and  histone  deacetylase  inhibitors  (14-20).  This  technique  also  does  not  require 
knowledge  of  the  exact  protein  structure  or  binding  pocket  information,  which  is  also 
critical  in  the  case  of  AB,  since  the  exact  structure  of  AB  is  not  known,  and  a  traditional 
enzymatic  binding  pocket  does  not  exist. 

In  this  chapter,  I  will  describe  a  screen  to  identify  compounds  that  bind  to 
monomeric  or  low  molecular  weight  AB  oligomers  with  SMMs.  The  screen  was 
successful  at  indentifying  compounds  that  bound  to  monomeric  or  LMW  AB,  and  several 
compounds  were  able  to  prevent  AB  induced  toxicity  in  PC  12  cells.  One  compound  that 
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rescued  AB  induced  toxicity  was  selected  for  structure  activity  studies  to  identify  motifs 
necessary  for  rescue. 


3.2.  Results 

3,2.1.  Developing  conditions  for  the  SMM  screen 

Because  AB  aggregates  quickly  in  solution,  I  needed  to  identify  conditions  where 
the  majority  of  the  peptide  would  exist  as  monomer  or  low  molecular  weight  oligomers. 

It  is  known  that  AB42  aggregates  faster  than  AB40  {21),  with  the  critical  concentration  of 
AB42  reported  at  25  uM  (22),  and  AB40  at  32  uM  (25).  As  shown  in  the  SDS  gel  in 
Figure  3.2,  fluorescently  labeled  AB40  has  less  aggregation  than  fluorescently  labeled 
AB42.  At  9.35  uM  fluorescently  labeled  AB42  (lane  5)  shows  monomer  (4  kD),  dimer  (8 
kD),  trimer  (12  kD)  and  tetramer  (16kD)  while  AB40  shows  monomer  (4kD)  and  dimer 
(8kD).  185  nM  peptide  concentrations  were  initially  tested,  because  it  was  the 
recommended  concentration  for  SMM  screening  {24).  185  nM  fluorescently  labeled 
AB42  (lanes  6  and  7)  show  a  faint  monomer  band,  while  fluorescently  labeled  AB40  is 
not  detected  by  staining. 
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Figure  3.2.  SDS  gel  image  of  N-terminally  labeled  Anaspee  Hilyte  647  fluoreseent- 
AB40  (lanes  2,  3  and  4)  and  N-terminally  labeled  Anaspee  Hilyte  488  fluoreseent-AB42 
(lanes  5,  6  and  7)  at  listed  eoneentrations.  Both  AB40  and  AB42  have  a  size  of  4kD. 
SDS  8-25%  gel  with  silver  staining. 


In  order  to  show  that  labeled  AB40  did  not  aggregate  during  the  SMM  ineubation 
times,  SDS  gels  of  labeled  AB40  were  run  at  eoneentrations  higher  than  185  nM  and 
longer  ineubation  times  (60  minutes)  than  those  eonditions  used  for  the  SMM 
experiments  (30  minutes)  as  shown  in  Figure  3.3.  Fluoreseently  labeled  AB40  at 
mieromolar  eoneentrations  (lanes  2-5)  show  monomer  and  dimer  bands,  while 
nanomolar  eoneentrations  (lanes  6-9)  are  not  deteeted  by  silver  staining. 
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AB40  AB40  AB40  AB40  AB4a  AB40  AB40 
935  uM  4.68  uM  2.34  uM  1.17  uM  589  nM  290  nM  146  nM 


1  2345678 

Figure  3.3.  SDS  gel  image  of  N-terminally  labeled  Anaspee  647  fluoreseent-AB40  after 
60  minute  room  temperature  ineubation  at  labeled  eoneentrations.  SDS  gel  with  silver 
staining. 

These  two  gels  show  that  the  labeled  AB40  exists  as  an  equilibrium  between 
monomer  and  dimer  forms  at  uM  eoneentrations.  Labeled  AB40  was  ehosen  for  the 
SMM  experiment  because  it  aggregates  less  than  AB42  and  the  core  residues  of  AB40 
are  the  same  as  AB42,  so  if  a  compound  binds  to  AB40,  it  is  likely  to  bind  to  AB42.  185 
nM  concentration  was  used  as  it  is  well  below  the  critical  concentration,  and  is  presumed 
to  be  monomeric. 

3.2.2.  SMM  results:  Identifying  compound  binding  to  AB40 

Each  SMM  slide  has  10,800  spots  for  compounds,  DMSO  controls,  or  grid 
alignment  spots.  Two  different  SMM  slide  sets,  natural  products  compounds  (NPC)  and 
diversity  oriented  synthesis  compounds  (DIV)  were  screened  in  triplicate,  for  a  total  of 
17,905  compounds. 

The  DIV  SMM  slide  is  shown  in  Figure  3.4.  Red  (632  nm)  colored  spots  indicate 
compounds  that  bind  to  fluorescently  labeled  AB40,  while  green  (532  nm)  colored  spots 
are  control  spots  used  for  grid  alignment,  or  compounds  that  were  excited  and  emit  at  the 
same  wavelength  as  that  used  for  grid  alignment. 
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Fluorescent  images  as  shown  in  Figure  3.4  were  collected  for  each  replica  slide 
using  standard  microarray  scanner  software.  Fluorescence  intensity  scores  of  the  three 
replica  slides  were  background  subtracted  and  converted  to  a  Z-score,  or  standard  score. 
A  Z-score  was  calculated  for  each  array  feature  using  a  standard  analysis  program  for 
SMM  data  developed  by  Seiler  et  al  (25).  The  Z-score  represents  how  many  standard 
deviations  a  spot  (or  observation)  is  above  or  below  the  mean  value  {13,  25,  26).  Since 
the  screen  was  accomplished  in  triplicate,  the  replicates  were  combined  to  produce  a 
composite  Z-score  for  each  compound. 

The  composite  Z-score  for  compounds  and  controls  were  plotted  onto  a 
histogram,  as  shown  in  Figure  3.5.  The  resulting  shape  of  the  compound  histogram  (in 
blue)  is  normal  with  a  small  shoulder  on  the  right  and  centered  on  zero.  The  DMSO 
control  histogram  (in  red)  was  also  normal,  and  centered  on  zero. 
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Figure  3,4,  An  enlarged  view  of  the  DIV  compound  microarray  slide  after  scanning. 
Each  slide  is  an  array  of  48  15  x  15  grids,  for  a  total  of  10,800  compound  locations. 
Fluorescent- AB40  was  passed  over  the  microarray  slide  and  the  resulting  slide  was 
washed  and  scanned  for  fluorescence.  Red  color  indicates  binding  of  AB  to  compound, 
green  color  represents  grid  alignment  spots.  Actual  slide  dimensions  are  1  inch  x  3  inch. 
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Bins  of  composite  Z-score 


Figure  3,5,  Histogram  plot  of  compound  (blue)  and  DMSO  control  (red)  composite  Z- 
scores  from  DIV  and  NPC  slides.  254  bins. 

Since  the  shape  of  the  histogram  is  normal,  standard  values  were  used  (99.73%  of 
all  the  distribution  lies  within  3  standard  deviations)  for  statistieal  caleulations. 
Compounds  that  had  a  eomposite  Z,  or  standard  deviation,  of  3.4  or  greater  were 
identified  as  hits  in  the  screen  (compounds  that  bind  to  AB),  as  highlighted  by  the  square 
on  Figure  3.5,  were  selected  for  additional  testing.  A  total  of  79  compounds  were 
seleeted  for  toxieity  tests. 
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D1  was  a  compounds  identified  by  the  SMM  sereen  that  bound  to  AB40.  As 
shown  in  Figure  3.6,  D1  has  a  bright  and  uniform  red  fluoreseenee,  in  eontrast  to  the  six 
DMSO  control  wells.  This  elearly  indieates  that  labeled  AB40  binds  to  Dl,  even  after 
the  protoeol  wash  steps.  The  six  (6)  DMSO  eontrol  wells  do  not  show  any  red 
fluoreseenee,  and  do  not  bind  to  AB40.  Figure  3.7  shows  the  expanded  seans  of  the  Dl 
row  (total  of  15  eompounds)  from  each  NPC  replica  slide.  The  three  seans  indieate  that 
the  binding  of  AB40  to  Dl  is  eonsistent  and  repeatable.  These  data  illustrate  that  the 
AB40-SMM  system  ean  reliably  and  eonsistently  identify  eompound  that  bind  to 
monomerie  or  low  moleeular  weight  oligomers  of  AB40. 
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Figure  3,6,  An  expanded  view  of  225  compound  spots  on  the  NPC  small  molecule 
microarray.  The  spot  corresponding  to  Dl,  DMSO  controls,  and  grid  alignment  spots  are 
shown. 


SMM  replica  A 


Compound  Dl 
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o 


SMM  replica  B 


o 


SMM  replica  C 


Figure  3,7,  An  expanded  view  of  15  compound  spots  on  each  NPC  small  molecule 
microarray  replica  slide.  The  Compound  Dl  spot  is  circled. 
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3.2,3,  Toxicity  experiments  of  hits  identified  by  SMM 


After  data  analysis  of  the  SMM  screening  results,  79  compounds  were  selected 
for  toxicity  tests.  These  compounds  were  tested  for  their  ability  to  rescue  AB42  induced 
toxicity  in  a  cultured  neuronal  cell  line  from  rat  adrenal  medulla  cells,  or  PC12  cells. 

The  AB42  peptide  was  used  for  toxicity  studies  as  it  is  the  principal  component  found  in 
AD  plaques. 

The  toxicity  assay  is  based  on  the  reduction  of  the  yellow  tetrazolium  salt,  MTT, 
(3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium  bromide)  to  the  purple  formazan 
crystals  by  mitochondria.  Reduction  of  MTT  occurs  when  the  mitochondrial  reductase 
enzymes  are  active,  and  can  be  used  to  measure  the  viability  of  cells.  The  formazan 
crystals  are  solublized,  and  the  absorbance  is  measured  photometrically. 

Briefly,  PC  12  cells  are  grown  and  dispensed  into  tissue  treated  96  well  plates. 
AB42  and  compounds  are  added  to  the  PC  12  cells  and  incubated  overnight.  After  the 
overnight  incubation,  MTT  is  added  to  the  wells  and  incubated  for  an  additional  4  hours. 
The  formazan  crystals  then  are  solublized  overnight,  and  absorbance  is  quantified 
photometrically  with  a  plate  reader.  Data  is  normalized  to  the  100%  viable  control  wells 
of  untreated  PC  12  cells. 

Initial  toxicity  tests  of  the  79  compounds  selected  by  the  SMM  assay  identified 
several  compounds  that  rescued  AB42  induced  toxicity.  Figure  3.8  shows  the  results  of 
the  initial  toxicity  test  of  compounds  able  to  rescue  viability  to  80%.  PC  12  cells 
incubated  with  AB42  have  a  viability  of  69%.  As  shown  in  Table  3.1,  three  compounds 
were  able  to  rescue  AB  toxicity  above  90%,  with  the  AB42  treated  control  cells  at  69%. 
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Rescue  ability  of  SMM  selected  compounds  in  PC12  cells  treated  with  AB42 


Figure  3,8,  SMM  selected  compound  initial  toxicity  study.  Top  15  viability  scores  of  compounds  shown.  AB42  concentration  of  20 
uM.  Single  measurement. 
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Table  3.1.  Ability  of  SMM  compounds  to  rescue  AB42  indueed  toxieity  in  PC12  eells 
AB42  treated  PC  12  eells  had  a  viability  of  69%. 


viability 

number  of  compounds 

90  -  too 

3 

80-90 

12 

70-80 

29 

60-70 

24 

50-60 

8 

40-50 

1 

0-10 

2 

Compound  D1  binds  to  AB40,  (Figure  3.6),  and  rescues  AB42  induced  toxieity 
(Figure  3.8).  Untreated  PC12  eells  with  AB42  had  a  viability  of  69%.  D1  treated  PC12 
eells  with  AB  increased  viability  to  82%.  Based  on  these  data,  and  beeause  compound 
D1  was  commercially  available,  it  was  selected  for  additional  characterization. 


3.2.4.  Biophysical  characterization  of  D1 


3.2.4.I.  Structure 


The  structure  of  compound  D1  is  shown  in  Figure  3.9.  It  is  an  aromatic 
compound,  flat,  and  has  several  locations  for  hydrogen  bonding,  whieh  are  consistent 
with  other  Alzheimer’s  and  amyloid  aggregation  inhibitors.  D1  shares  some  structural 
similarities  with  thioflavin  T,  a  dye  used  to  detect  amyloid  fibrils.  Both  compounds  share 
a  central  phenyl  ring,  with  either  a  benzothiazole  or  benzoxazol  substituent  attaehed. 
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Figure  3.9.  Structure  of  D1  (left)  and  thioflavin  T  (right) 

3.2.4.2.  Toxicity  rescue  by  D1 

The  initial  test  indieated  that  D 1  was  able  to  reseue  AB42  indueed  toxieity 
(Figure  3.8).  Subsequent  toxieity  studies  show  that  D1  is  effeetive  at  reseuing  AB42 
indueed  toxieity  at  several  eoneentrations.  PC  12  eells  ineubated  with  AB42  without  D1 
had  a  viability  of  37%  (Figure  3.10).  D1  eoneentrations  of  less  than  6  uM  were  not 
effeetive  at  reseue.  However,  D1  was  statistieally  signifieant  at  inereasing  PC  12  viability 
at  concentrations  above  6  uM.  From  6.25  uM  to  50  uM,  there  is  a  dose  dependenee 
inerease  in  PC  12  viability.  The  highest  PC  12  eell  viability  of  75%  oeeurred  with  a  D1 
eoncentration  of  50uM. 
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Figure  3,10,  Ability  of  D1  to  rescue  AB42  induced  toxicity  in  PC12  cells.  AB42  was 
used  at  a  concentration  of  20  uM,  with  varying  amounts  of  Dl.  Values  reported  are  the 
average  viability  scores  of  three  wells  with  standard  error  reported.  Cells  were  incubated 
for  24  hours  with  AB42  and  Dl.  (*)  An  asterisk  indicates  statistical  significance  as 
determined  the  two  tailed  Student’s  T-test  (p  <  0.05). 

3,2,4,3,  Toxicity  of  Dl 

PC  12  cells  treated  with  Dl  only  show  some  concentration  dependent  toxicity,  as 
shown  in  Figure  3.11.  Low  concentrations  (0.78  and  1.56  uM)  were  toxic,  but  higher 
concentrations  (3.13,  6.25,  and  12.5  uM)  were  not.  The  two  highest  concentrations  tested 
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(50  uM  and  100  uM)  were  both  toxie  to  PC  12  cells,  with  100  uM  concentration  being  the 
most  toxic. 


Toxicity  of  D1 
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Figure  3,11,  Toxicity  study  of  D1  in  PC12  cells.  Varying  concentrations  of  D1  were 
used.  Values  reported  are  the  average  viability  scores  of  three  wells  with  standard  error 
reported.  Cells  were  incubated  for  24  hours  with  D1 . 

3,4,4,  Is  the  D1  scaffold  good  at  rescue? 

The  SMM  screen  identified  D1  as  a  compound  that  bound  to  AB40,  and 
subsequent  experiments  with  D1  indicate  that  it  can  rescue  AB42  induced  toxicity. 
Structure  activity  relationship  studies  of  the  D1  analogs  can  provide  additional 
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information  as  to  what  motifs  on  D1  are  effective  at  rescue.  Compound  analogs  are 
based  off  of  substitutions  at  six  (6)  positions  as  shown  on  the  scaffold  in  Figure  3.12. 
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Figure  3,12,  D1  parent  scaffold  and  analogs 
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Most  D1  compound  analogs  show  significant  toxicity  at  100  uM  (Table  3.2  and 
Figure  3.13).  Halogenation  eaused  inereased  toxieity  at  position  Re.  The  ehloro,  bromo, 
and  iodo  substitutions  are  very  toxie,  while  the  fiuoro  substitution  seems  to  be  less  toxie 
(exeept  for  the  ease  of  eompound  2026-3981,  where  the  eombination  of  two  methyl 
substitutions  and  a  fluorine  substitution  make  the  eompound  severely  toxic). 

The  reseue  ability  of  analogs  at  100  uM  are  shown  in,  Table  3.2  and  Figure  3.14. 
The  three  compounds  that  were  statistieally  significant  at  rescue  were:  2026-3258,  2026- 
3383,  and  8503-0076.  The  analogs  differ  by  the  following:  2026-3258  has  one  ehange 
firomDl:  a  NO2  group  at  position  Re;  2026-3383  has  two  changes:  methyl  at  position 
R2,  and  a  ehlorine  at  Re;  and  8502-0076  also  has  two  ehanges:  methyl  at  position  R3,  and 
a  fluorine  at  position  Re.  There  were  no  obvious  trends  identified  to  inerease  viability 
among  the  D1  analogs  at  100  uM. 

Reseue  ability  of  the  analogs  improved  at  50  uM,  as  shown  in  Table  3.2,  and 
Figure  3.15.  At  50  uM  eompound  eoncentrations,  13  out  of  the  21  analogs  were 
statistieally  signifieant  at  reseue.  At  50  uM  eoneentration,  D1  treated  eells  had  the 
highest  ability  to  rescue,  with  95%  viability,  with  untreated  AB  PC  12  cells  having  a 
viability  of  47%.  The  three  D1  analogs  identified  in  the  100  uM  eoneentration  test  were 
also  identified  at  able  to  reseue  at  the  50  uM  eoneentration.  In  addition,  several 
eompounds  that  were  not  signifieant  at  reseue  at  100  uM  eoneentration  were  able  to 
significantly  rescue  the  toxieity  of  AB42. 
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Table  3,2,  Summary  of  D1  analog  toxicity  and  rescue  ability  summary.  Green  indicate  statistically  significant  rescue  ability  by 
compounds  in  both  50  and  100  uM  concentrations 
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Toxicity  of  D1  analogs 


Figure  3,13,  Toxicity  of  D1  analogs.  PC12  cells  treated  with  100  uM  of  compound  analogs.  Values  reported  are  the  average 
viability  seores  of  three  wells.  Cells  were  incubated  for  24  hours. 
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D1  analogs  @  100  uM  drug  concentration 


Figure  3,14,  Rescue  ability  of  D1  analogs  at  100  uM.  AB42  was  used  at  a  concentration  of  20  uM,  with  100  uM  of  compound 
analogs.  Values  reported  are  the  average  viability  scores  of  three  wells.  Cells  were  incubated  for  24  hours  with  AB42  and  compound 
analog.  *  indicated  statistical  significance  as  determined  the  two  tailed  Student’s  T-test  (p  <  0.05) 


76 


Rescue  ability  of  D1  analogs 


100% 


D1  analogs  @  50  uM  drug  concentration 


Figure  3,15,  Rescue  ability  of  D1  analogs  at  50  uM.  AB42  was  used  at  a  concentration  of  20  uM,  with  50  uM  of  compound  analogs. 
Values  reported  are  the  average  viability  scores  of  three  wells.  Cells  were  incubated  for  24  hours  with  AB42  and  compound  analog.  * 
indicated  statistical  significance  as  determined  the  two  tailed  Student’s  T-test  (p  <  0.05) 
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3.2,4,5,  Does  D1  reduce  aggregation  of  AB? 


I  wanted  to  identify  if  eompound  D1  redueed  AB  aggregation.  In  order  to 
determine  if  D1  was  reducing  AB  aggregation,  the  standard  thioflavin  T  assay  was 
accomplished.  Thioflavin  T  is  a  diagnostic  dye  that  shifts  its  fluorescence  on  binding  to 
the  P  sheet  structure  of  amyloid  fibrils.  Less  thioflavin  T  fluorescence  indicates  reduced 
AB  aggregation. 

The  thioflavin  T  timecourse  is  shown  in  Figure  3.16.  Fluorescence  was  measured 
at  0,  5,  and  26  hours.  Control  wells  of  buffer  only  and  buffer  with  D1  were  also 
measured  at  the  initial  timepoint  to  identify  if  D1  was  fluorescently  active  at  the 
thioflavin  T  wavelengths.  The  buffer  with  D1  sample  shows  moderate  fluorescence 
suggesting  that  D1  is  fluorescent  at  the  same  wavelengths  as  thioflavin  T.  Surprisingly, 
the  initial  reading  (time  0)  of  AB42  with  D1  revealed  an  incredibly  high  fluorescence 
when  compared  to  the  sample  with  AB  only,  which  suggests  that  the  addition  of  D1  to 
AB  causes  the  increase  in  fluorescence.  Equally  surprising  was  the  decrease  in 
fluorescence  values  from  the  initial  time  reading  to  the  5  hour  time  reading. 
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Figure  3,16,  Thioflavin  T  timecourse  of  AB42  with  and  without  compound  Dl.  Values 


are  averages  of  three  different  samples.  5  and  26  hour  timepoints  were  incubated  at  37 


degC. 


The  high  levels  of  thioflavin  T  fluoreseence  from  the  AB  with  compound  Dl 
suggest  increased  AB  aggregation.  To  identify  if  this  was  oecurring,  EM  images  were 
taken  at  the  initial  timepoint.  As  shown  in  Figure  3.17,  the  EM  image  shows  a  very  large 
amount  of  non-speeific  amorphous  protein  aggregation,  as  compared  to  the  AB42  alone. 
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Figure  3.17.  EM  images  of  AB42  and  AB42  with  Dl.  Left:  Image  of  AB42  sample  at  0 
hour.  No  AB42  aggregation  ean  be  deteeted.  Right:  Image  of  AB42  with  Dl  sample  at 
0  hour.  Large  amounts  of  non-fibrilar  aggregation  ean  be  seen.  Seale  bar  on  both 
images:  100  nm,  25,000  x  magnifieation. 
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3.3.  Discussion 


Research  has  indicated  that  soluble  oligomeric  species  are  better  correlated  with 
Alzheimer’s  disease  than  the  presence  of  plaques  {11,  12).  In  light  of  the  recent  report  on 
dimer  toxicity,  screens  that  can  identify  monomeric  binding  to  AB  are  important  to 
discover  compounds  that  can  have  the  potential  to  become  therapeutics. 

3,3.1.  SMM  screening  effectiveness 

Compound  binding  is  a  critical  step  for  any  enzymatic  action  or  inhibition.  As 
shown  in  Figure  3.4,  Figure  3.6  and  Figure  3.7,  the  SMM  screen  is  effective  at 
identifying  compounds  that  bind  to  fluorescently  labeled  AB40.  Figure  3.7  indicates  that 
the  binding  assay  is  reliable  and  consistent  at  identifying  compounds  that  bind  to  AB40, 
and  not  to  control  compound  spots.  Due  to  the  large  number  of  compounds  printed  onto 
each  slide,  the  SMM  screen  is  very  effective  at  reducing  numbers  of  compounds  to  test  in 
subsequent  experiments.  In  our  example,  the  SMM  screen  looked  at  approximately 
20,000  compounds  and  identified  79  for  follow  on  testing. 

Compounds  D1  was  identified  by  the  SMM  binding  screen.  As  shown  in  Figure 
3.9,  D1  has  structural  similarities  to  thioflavin  T,  which  is  known  to  bind  to  AB  fibrils 
with  nanomolar  affinity  {27,  28).  Thioflavin  T  has  a  benzothiazole  component  attached 
to  an  aromatic  ring.  In  Dl,  the  benzothiazole  is  replaced  by  a  benzoxazole;  the  only 
change  is  that  sulfur  is  replaced  with  oxygen.  Interestingly,  another  compound  identified 
by  the  SMM  screen,  compound  1216,  also  shares  a  similar  motif  to  Dl  and  thioflavin  T. 
The  structure  of  compound  1216  is  shown  in  Figure  3.18  and  has  two  benzimidizole 


functional  group  attached  to  an  aromatic  ring.  Compound  1216  was  also  able  to  rescue 
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AB  induced  toxicity  (Figure  3.8).  In  the  initial  toxicity  study,  PC12  cells  treated  with  AB 
and  1216  had  93%  viability,  in  contrast  to  the  PC  12  treated  with  AB  and  no  compound. 

The  benzothiazole,  benoxazole,  and  benzimidizole  motif  seems  to  be  important  in 
AB  binding.  Frentizole,  an  antiviral  and  immunosuppressive  agent  used  in  rheumatoid 
arthritis,  binds  to  AB  and  has  a  benzothiazole  motif  (29,  30).  Frentizole  was  identified  in 
a  screen  to  inhibit  binding  of  AB  to  an  alcohol  dehydrogenase  {31).  Xie  et  al  created 
analogs  to  frentizole  and  identified  micromolar  inhibitors  to  the  AB-alcohol 
dehydrogenase  interaction  {31).  It  is  encouraging  that  the  SMM  screen  was  able  to 
identify  compounds  with  similar  motifs  to  compounds  known  to  bind  to  AB.  These 
results  suggest  the  SMM  screen  is  effective  at  identifying  compounds  that  bind  to  AB. 


Figure  3,18,  Structure  of  compound  1216  (left)  and  frentizole  (right). 

3,3,2,  Rescue  ability  of  D1 

After  identifying  compounds  that  bound  to  AB,  I  wanted  to  know  if  they  could 
reduce  AB  induced  toxicity  in  cultured  rat  neuronal  cells,  or  PC12  cells.  Initial  toxicity 
tests  of  the  79  SMM  selected  compounds  identified  15  compounds  that  were  able  to 
rescue  above  80%  (Figure  3.8  and  Table  3.1).  As  discussed  above,  D1  was  able  to 
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significantly  reduce  AB42  indueed  toxieity.  As  shown  in  Figure  3.10,  there  is  a  dose 
dependence  inerease  in  viability  in  cells  when  treated  with  increasing  amounts  of  Dl. 

PC  12  cells  treated  with  50  uM  of  Dl  had  the  highest  eell  viability,  which  suggests  an 
optimal  compound  to  AB  binding  ratio.  In  the  toxicity  experiments  with  the  highest  Dl 
rescue  ability,  AB42  was  at  a  concentration  of  20  uM,  and  compound  Dl  was  at  a 
concentration  of  50  uM,  which  suggests  an  optimum  ratio  of  2  Dl  molecules  binding  per 
moleeule  of  AB.  D 1  coneentrations  below  this  of  2;  1  ratio  would  not  bind  all  of  the  AB, 
and  remaining  AB  eould  aggregate  to  the  toxic  species,  resulting  in  deereased  viability. 
However,  Dl  eoneentrations  higher  than  the  2:1  ratio  would  bind  all  the  AB,  but  would 
leave  exeess  Dl  available.  As  shown  in  Figure  3.11,  high  concentrations  (50  uM  and  100 
uM)  of  Dl  are  toxic.  A  binding  ratio  of  2  molecules  of  Dl  to  1  molecule  of  AB  may 
explain  why  both  the  treated  eells  with  25  uM  and  100  uM  both  had  less  viability  than  50 
uM  eoneentrations. 

3.3.3.  Does  Dl  cause  aggregation  of  AB? 

When  comparing  the  initial  (0  hour)  thioflavin  T  fluorescence  values  of  Dl  with 
AB42  to  Dl  in  buffer  (Figure  3.16),  it  is  clear  that  the  differenee  in  fluoreseence  can  only 
be  attributed  to  the  addition  of  AB  peptide.  This  suggests  that  Dl  is  immediately 
nucleating/aggregating  AB42  into  a  thioflavin  T  active  speeies.  EM  images  confirmed 
the  aggregation  of  AB  with  Dl,  as  shown  in  Figure  3.17.  These  data  also  suggests  that 
Dl  causes  the  immediate,  non-fibrilar  aggregation  of  AB42.  An  interesting  note  is  that 
compound  Dl  would  not  have  been  identified  as  a  hit  in  the  thioflavin  T  based  anti¬ 
aggregation  screen.  This  screen  seleets  for  reduced  fluoreseence  after  an  incubation 
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period.  D1  treated  samples  had  fluoreseenee  readings  equal  to  or  higher  than  their  AB 
only  samples,  whieh  would  have  indieated  that  the  eompound  did  not  inhibit  AB 
aggregation. 

3,3,4,  Possible  mechanisms  of  D1  rescue 

The  SMM  sereen  identified  D1  as  a  eompound  that  binds  to  AB40,  and  toxieity 
experiments  indieate  that  D1  ean  reseue  AB42  indueed  toxieity.  Both  the  thioflavin  T 
data  and  EM  images  show  that  thiofiavin  aetive  AB  aggregates  form  immediately  when 
ineubated  with  D1 .  How  does  D1  prevent  AB  indueed  toxieity? 

There  are  three  possible  meehanisms  whereby  D1  ean  reduee  AB  toxieity. 

Meehanism  1;  D1  binds  to  AB  and  prevents  AB  aggregation  to  the  toxie  speeies: 

In  this  ease,  D1  binds  to  a  speeifie  loeation  on  AB,  and  stabilizes  a  speeifie  form 
(possibly  monomerie?)  or  a  seeondary  strueture  (a  helix  or  P  sheet)  whieh  prevents  the 
further  aggregation  to  the  toxie  speeies.  However,  stabilization  of  a  speeifie  form  or 
strueture  would  not  explain  the  inereased  amount  of  thiofiavin  T  fluoreseenee,  or  the 
presenee  of  large  amounts  of  aggregates  in  the  EM  images. 

Meehanism  2:  D1  is  a  neuroproteetive  eompound; 

In  this  ease,  DI  is  an  inhibitor  of  the  meehanism  of  toxieity.  The  main  hypothesis 
on  AB  toxieity  is  that  AB  oligomers  form  ehannels  in  neuronal  membranes  that  make 
them  unable  to  regulate  internal  ion  eoneentration,  sueh  as  ealeium,  resulting  in  eell  death 
(32-34).  If  Dl  was  neuroproteetive,  it  eould  bloek  the  ealeium  ehannels  formed  by  the 
toxie  AB  oligomer.  However,  this  meehanism  also  does  not  explain  the  large  aggregates 
or  dramatie  inerease  in  thiofiavin  T  fluoreseenee. 
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Mechanism  3:  D1  nucleates  non-specific  AB  aggregation  into  a  non-toxic 
aggregate: 

This  is  the  most  likely  mechanism.  The  thiofiavin  T  timecourse  and  EM  data 
show  that  D1  causes  non-specific  aggregation  of  AB42.  Toxicity  data  show  that  these 
aggregates  are  not  toxic.  This  suggests  that  D1  prevents  AB  induced  toxicity  of  PC  12 
cells  by  nucleating  the  formation  of  a  non-specific,  non-toxic  AB  aggregate,  and  shifting 
the  normal  toxic  aggregation  pathway  to  one  that  is  non- toxic. 

3.3.5.  D1  SAR  study 

In  the  SAR  study  of  D1  analogs  at  50  uM,  positions  Re  seems  to  be  significant  in 
rescue.  Dl’s  Re  amine  group  can  form  a  maximum  of  three  hydrogen  bonds:  2  donating, 
and  1  accepting.  The  compounds  that  had  the  second  (compound  4002)  and  third 
(compound  3431)  highest  viability  scores  also  have  a  hydrogen  bond  accepting  oxygen  at 
the  Re  position.  The  oxygen  can  accept  two  hydrogen  bonds  from  the  peptide  backbone 
or  side  chain.  In  the  case  of  position  Re,  it  is  likely  that  the  amine  group  in  D1  or  oxygen 
in  343 1  and  4002  analogs  forms  a  critical  hydrogen  bond  to  the  AB  peptide  backbone  or 
side  chain  residue.  Position  Re  may  also  be  in  a  solvent  exposed  area  as  well. 

3.3.6.  SMM  screening  questions 

A  final  question  of  screen  effectiveness  must  be  discussed:  If  the  SMM  screen 
identifies  compounds  that  bind  at  the  early  stage  of  aggregation,  why  are  not  all  the 
compounds  effective  at  rescuing  AB  induced  toxicity  in  PC  12  cells?  As  reported  by  the 
initial  toxicity  screen  in  Figure  3.8  and  Table  3.1,  35  of  the  79  compounds  had  no  effect 
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on  viability  (did  not  increase  viability  above  69%)  or  had  viability  below  eells  treated 
with  only  AB.  Reasons  for  this  inelude: 

1)  Compounds  are  toxie  by  themselves. 

2)  The  SMM  sereen  may  have  identified  a  false  positive,  either  a  promiseuous 
eompound  or  a  eompound  that  bound  to  the  fluoreseent  tag.  These  false  positives  would 
not  be  expeeted  to  inhibit  AB  toxieity.  However,  these  false  positive  eompounds  would 
be  removed  based  on  the  results  of  follow  on  assays. 

3)  The  eompound  bound  to  a  region  of  AB  that  does  is  not  neeessary  for  the 
aggregation  proeess.  An  example  ean  be  a  eompound  that  binds  anywhere  on  the  first  ten 
residues  of  AB40/42.  These  residues  of  AB  have  been  shown  to  be  flexible  in  models 
derived  from  solid  state  NMR  data  (55).  So,  the  loeation  where  the  eompound  binds  to 
AB  is  absolutely  eritieal  in  the  ability  of  the  eompound  to  reseue  toxieity.  Compounds 
that  bind  to  the  eentral  hydrophobie  eluster  (residues  17-21)  may  have  a  better  ehanee  at 
preventing  aggregation.  Cairo,  et  al  demonstrated  this  with  their  study  that  eharged 
peptide  fragments  of  up  to  12  amino  aeids  with  the  eentral  LVFF  fragment  were  able  to 
reseue  toxieity  {36). 

4)  A  final  possibility  for  why  these  eompounds  do  not  reseue  toxieity  is  that  the 
eompound  may  stabilizes  the  toxie  speeies.  An  example  ean  be  seen  with  D1  analog 
eompound  3262.  Drug  toxieity  studies  indieate  that  at  100  uM  eoneentration,  it  is 
somewhat  toxie,  with  PC  12  eells  having  77%  viability  (Table  3.2).  However,  with  the 
addition  of  AB42  and  3262,  the  viability  of  the  PC  12  eells  signifieantly  deereases  to 
38%,  (where  eells  treated  with  AB42  without  drug  is  43%  viable).  It  may  be  possible 
that  eompound  3262  is  stabilizing  the  toxie  speeies,  resulting  in  inereased  eell  death. 
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These  eompounds  that  bind  to  AB  but  do  not  inhibit  toxieity  are  not  likely 
therapeutie  eandidates,  but  they  ean  still  be  useful  for  their  binding  ability  to  AB.  If  the 
eompounds  are  found  to  speeifieally  bind  to  residues  1-10,  then  these  eompounds  may 
beeome  very  useful  as  tags  for  AB.  One  well  known  example  is  the  amyloid  labeling 
agent ,  Pittsburgh  B,  (PIB).  PIB  is  based  on  the  strueture  of  thioflavin  T  and  is  one  of 
very  few  in  vivo  amyloid  imaging  agents  {37-39).  Another  use  for  speeifie  binders  is  to 
ereate  a  “Trojan  horse”  inhibitor.  Gestwieki  et  al  modified  the  amyloid  dye  Congo  red  to 
inelude  a  ehaperon  binding  site.  When  Congo  red  bound  AB  with  the  ehaperon  attaehed, 
the  resulting  sterie  bulk  of  the  ehaperon  prevented  aggregation  of  AB  {40). 

3.4.  Summary 

In  this  ehapter  I  deseribed  the  design  and  implementation  of  a  binding  sereen  to 
identify  eompounds  that  bind  to  monomerie  or  low  moleeular  weight  AB  oligomers.  The 
SMM  sereen  was  able  to  identify  eompounds  that  have  similar  motifs  to  known 
eompounds  that  bound  to  AB.  Several  SMM  eompounds  were  shown  to  reseue  AB 
indueed  toxieity,  and  D1  was  shown  to  be  an  effeetive  inhibitor  of  toxieity.  D1  inereases 
aggregation  of  AB42,  and  we  suggest  that  it  nueleates  a  non-toxic  aggregate  on  a 
different  aggregation  pathway.  SAR  studies  accomplished  on  analogs  of  D1  suggest  that 
this  may  be  a  good  scaffold  for  elucidating  the  motifs  responsible  for  binding  and 
toxicity. 
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3.5.  Materials  and  methods: 


Fluorescent  peptide.  Fluorescently  tagged  N-terminal  labeled  Hylite  647  AB40 
or  Hylite  488  AB42  peptide  was  purehased  from  Anaspee  (San  Jose,  CA),  and  used 
without  additional  purifioation.  HPLC  purity  from  Anaspee  was  reported  at  greater  than 
95%. 

Peptide  purification.  Non  fluorescent  crude  peptides  from  FMOC  synthesis 
were  purchased  from  the  Keck  Institute  at  Yale  University,  and  purified  using  a  C4 
reverse  phase  column.  Solvent  gradients  were  run  at  65°C  using  solvent  A  (95%  water, 
5%  acetonitrile,  0.1%  TFA);  and  Solvent  B  (50%  acetonitrile,  50%  water,  0.1%  TFA). 

SMM  microarray  preparation.  SMM  slides  were  generously  provided  by 
Angela  Kohler  (Broad  Institute  of  Harvard  and  MIT,  Cambridge,  MA).  SMM  assay 
slides  were  prepared  as  described  by  Bradner  et  al  {41) . 

Small  molecule  microarray  experiment.  N-terminal  HiLyte  Fluorophore  647- 
AB40  (Anaspee,  CA)  was  diluted  to  a  stock  concentration  9.35  uM  in  8  mM  NaOH.  The 
stock  solution  was  diluted  to  a  final  concentration  of  185  nM  in  1  x  PBS-T  (0.1%  Tween 
20).  SMM  slides  (in  triplicate)  were  incubated  for  30  minutes  at  room  temperature 
(25‘’C)  in  5  mL  of  diluted  AB40,  with  a  slow  circular  orbit.  Following  incubation,  SMM 
slides  were  rinsed  for  two  minutes  with  PBS-T,  PBS,  and  deionized  water.  SMM  slides 
were  then  spun  dry  for  30  seconds  (Labnet  slide  spinner)  and  then  scanned  on  a  GenePix 
4100A  microarray  scanner  (Molecular  Devices)  with  excitation  wavelength  532  nm 
(green  emission  filter  557-592  nm)  and  excitation  wavelength  635  nm  (red  emission 
filter  650  -  690  nm).  Experiment  was  accomplished  at  the  Broad  Institute  of  Harvard  and 
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MIT.  Analysis  of  the  SMM  data  was  completed  by  the  Data  Analysis  Group  at  the  Broad 
Institute  of  Harvard  and  MIT. 

Compounds,  Additional  compounds  were  purchased  from  ChemDiv  (San  Diego, 

CA). 

Thioflavin  T  Assay.  Peptides  were  dissolved  in  300  uL  DMSO  and  diluted  with 
5  mL  of  8  mM  NaOH  for  a  final  peptide  concentration  of  20  uM.  Concentrated  PBS 
buffer  was  added  to  the  solution  to  adjust  the  pH  (final  concentration:  50  mM  NaH2P04, 
100  mM  NaCl,  pH  7. 10  -  7.20).  Samples  were  incubated  with  and  without  compound  at 
37°C  under  quiescent  conditions  for  the  indicated  time  period.  At  various  timepoints, 

100  uL  aliquot  of  peptide  sample  was  mixed  with  100  uL  of  a  solution  of  thioflavin  T  (7 
uM  ThT,  50  mM  glycerol-NaOH,  pH  7.10)  and  fluorescence  was  measured  at  483  nm 
(excitation  at  450  nm)  on  a  Varioskan  Plate  reader  (Thermo). 

Electron  microscopy.  Solutions  were  prepared  as  described  above  at  peptide 
concentrations  of  20  uM.  Samples  were  incubated  at  37“C  under  quiescent  conditions  for 
the  indicated  time  period.  Following  incubation,  glow  discharged  formvar  carbon  coated 
grids  were  floated  on  a  drop  of  each  sample  for  2  minutes,  washed  twice  with  distilled 
water,  and  then  stained  for  20  minutes  with  1%  uranyl  acetate.  Samples  were  imaged 
using  a  Zeiss  912ab  Electron  Microscope  at  Princeton  University.  Peggy  Bisher  assisted 
with  machine  operation  and  image  capture. 

Toxicity  experiments.  Rat  pheochromocytoma  (PC  12)  cells  (ATCC,  Rockville, 
MD)  were  grown  on  collagen  coated  ,tissue  treated  petrie  dishes  (Falcon)  in  complete 
growth  media  (82.5%  F12K  15%  horse  serum,  2.5%  fetal  bovine  serum,  ATCC 
Rockville,  MD)  in  a  humidified  incubator  at  37°C  and  5%  CO2  (Herra,  Thermo 
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Scientific).  Cells  were  grown  to  confluence,  harvested  by  spraying  through  an  18.5 
gauge  needle,  resuspended  in  fresh  complete  media  and  plated  onto  tissue  treated  flat 
bottom  96  well  plates  (Costar)  at  a  density  of  10  000  cells  per  well  (100  uL/well).  Plates 
were  incubated  at  37°C  for  24  hours  to  allow  cells  to  attach.  Lyophilized  AB42  (1  mg) 
was  dissolved  in  100  uL  of  cell  culture  grade  DMSO  (ATCC),  sonicated  and  then  diluted 
with  1.0  mL  of  sterile  1  x  PBS  buffer  (Invitrogen)  for  a  final  stock  concentration  of  200 
uM.  10  uL  of  the  final  AB42  peptide  solution  was  added  to  each  well  (100  uL)  for  a  final 
peptide  concentration  of  20  uM.  1  uL  of  10  mM  inhibitor  compound  dissolved  in  DMSO 
was  added  to  each  well  (in  triplicate)  for  a  final  drug  concentration  of  100  uM.  Plates 
with  AB  peptide  and  inhibitor  compound  were  incubated  for  24  hours.  Cell  viability  was 
determined  with  the  MTT  assay  (Roche  {42,  43)).  Briefly,  10  uL  of  MTT  was  added  to 
each  well.  After  incubation  for  4  hr  at  37°C,  100  uL  of  solubilization  solution  (10%  SDS 
in  0.01  M  HCl)  was  added  and  incubated  overnight  at  37‘’C.  The  absorbance  at  570  nm 
was  measured  using  a  microplate  reader  (Thermo  Varioskan),  with  background 
subtraction  (670  nm).  Statistical  significance  was  calculated  with  the  two  tailed 
(uncorrelated)  TTEST  function  in  Excel. 
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Chapter  4.  Identifying  the  role  of  aromaticity  in  AB 


aggregation,  fibrilization,  toxicity,  and  aggregation  inhibition 

4.1.  Introduction  to  aromatic  interactions 

In  this  chapter,  I  will  discuss  the  role  of  aromatieity  in  amyloid  beta  peptide 
aggregation.  First,  I  will  introduce  aromatic  interactions  and  7i-stacking,  and  discuss  the 
hypothesis  that  7i-stacking  is  critieal  to  AB  aggregation,  and  the  related  hypothesis  that 
disturbing  the  7i-stacking  interaction  is  the  mechanism  for  aggregation  inhibition  for 
aromatic  compounds.  I  will  then  dispute  these  hypotheses  by  presenting  evidence  found 
with  AB  peptide  mutants  (where  aromatie  residues  are  mutated  to  non-aromatie  residues) 
and  show  that  aromatic  residues  are  not  required  for  aggregation  or  fibrilization.  Also,  I 
will  show  that  mutants  without  aromatie  residues  ean  be  inhibited  by  aromatic 
compounds.  Finally,  I  show  that  these  AB  mutants  are  even  more  toxic  than  the  original 
wild  type  peptide. 

Aromatic-aromatic  interactions  are  non-eovalent,  attraetive  interactions  between 
two  planar  aromatic  rings,  known  as  7i-stacking.  These  7i-stacking  interactions  minimize 
the  energy  of  a  given  system  and  stabilize  both  DNA  and  protein  structures  (1).  As 
shown  in  Figure  4.1,  there  are  four  different  low  energy  structures  that  ean  occur: 
parallel  displaeed,  T-shaped,  parallel  staggered,  or  herringbone  {1,  2).  In  proteins,  the 
parallel  displaeed  structure  is  most  common. 
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Figure  4,1.  Illustration  of  7i-stacking  structures,  a)  parallel  displaeed;  b)  T-shaped;  c) 
parallel  staggered;  d)  herringbone.  Figure  from  Gazit  (2). 

It  has  been  suggested  that  the  7i-stacking  of  aromatie  residues  is  important  in  the 
proeess  of  amyloid  formation.  Gazit  noted  that  aromatic  residues  are  very  common  in 
amyloidogenic  peptide  fragments  that  can  form  fibrils,  as  shown  in  Table  4.1  (2). 
According  to  the  statistics  compiled  by  Gazit,  the  frequency  of  aromatic  residues 
incorporation  into  proteins  is  relatively  low,  with  tryptophan  at  1.32%,  tyrosine  at  3.25% 
and  phenylalanine  at  3.91%  (2).  The  high  occurrenee  of  aromatie  residues  found  in 
amyloid  fragments,  eombined  with  the  fact  that  aromatic  residues  are  not  eommonly 
incorporated  into  proteins  suggests  that  aromatic  residues  may  have  a  significant  role  in 
amyloid  formation  {2-4). 
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Table  4,1,  Functional  amyloid  related  sequences  that  eontain  aromatie  residues,  adapted 
from  Gazit  (2). 


Disease  or  condition 

parent  peptide 

active  sequence  with  aromatic  residue 

Alzheimer's  disease 

amyloid  beta  peptde 

KLVFFAE 

Creutzfeldt- Jakob  disease 

PrP 

PHGGGWGQ 

Yeast  prion  protein 

Sup35p 

PQGGYQQYN 

GNNQQNY 

T ype  II  diabetes 

islet  amyloid  polypeptide/amylin 

FGAIL 

TNVGSNTY 

QRLANFLVH 

Gazit  has  also  suggested  that  disturbing  the  7i-staeking  proeess  in  amyloid 
formation  can  be  an  effective  mechanism  to  prevent  aggregation  (2,  5,  6).  This  may  also 
explain  why  many  aggregation  inhibitors  are  aromatic,  as  discussed  in  Chapter  1 .  If  the 
7i-stacking  interactions  are  significant  in  amyloid  formation,  disturbing  this  interaction 
may  potentially  inhibit  the  aggregation  proeess,  as  shown  Figure  4.2. 


Figure  4,2,  Potential  mechanism  for  aggregation  inhibition  by  disturbing  aromatic  n 
interactions.  A  charged  aromatie  inhibitor  ean  internet  with  the  aromatie  residue  of  the 
peptide.  Subsequent  aggregation  is  prevented  because  of  the  eleetrostatic  repulsion. 
Figure  from  Gazit  (2). 
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4.2.  Investigating  the  role  of  aromatic  residues  and  ;r-stacking  in 
Alzheimer’s  disease 

Alzheimer’s  disease  is  eaused  by  the  aggregation  of  the  amyloid  beta  (AB) 
peptide.  In  the  sequence  of  the  42  residue  peptide,  there  are  three  phenylalanine  (Phe,  F) 
residues  at  positions  4,  19,  and  20,  and  one  tyrosine  (Tyr,  Y),  at  position  10.  The 
sequence  for  AB  is  shown  below  with  aromatic  residues  highlighted  in  red,  using  the  one 
letter  abbreviations  for  amino  acids. 

DAE  F  RHDSG  Y'°  EVHHQKLV  F  F  AEDVGSNKGA^°  IIGLMVGGW'**’  lA'*^ 

The  first  10  to  14  residues  in  AB  have  been  reported  to  be  flexible  (7,  8).  This 
suggests  that  both  the  Phe  residue  at  position  4  and  the  Tyr  at  position  10  are  not 
involved  in  significant  7i-stacking.  Proline  scanning  mutagenesis  of  AB  has  shown  that 
residues  15-21  are  in  an  area  that  is  highly  sensitive  to  proline  replacement,  which 
includes  residues  Phe  19  and  Phe  20  (7,  9)  and  is  known  as  the  central  hydrophobic 
cluster.  Structural  models  of  the  AB40  (residues  10  to  40)  derived  from  solid  state  NMR 
studies  show  the  parallel  displaced  motif  of  7i-stacking  for  Phe  residues  19  and  20  (Figure 
4.3). 
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Figure  4,3,  Model  structure  of  AB  10-40  fibril  based  on  solid  state  NMR  studies. 
Different  views  show  the  7i-stacking  interaction  of  Phe  19  (interior)  and  Phe  20  (exterior). 
Figure  created  with  Pymol.  Coordinates  provided  by  Dr.  Robert  Tycko  (5). 

Recent  reports  have  questioned  the  role  of  aromatic-aromatic  interactions  in 

amyloidogenic  peptides.  Kim  et  al  suggest  that  aryl-aryl  contacts  may  not  be  as 

important  in  the  kinetic  and  thermodynamic  aspect  of  protein  folding.  In  a  study 

designed  to  investigate  aromatic  interactions  between  aromatic  and  alkyl  groups,  they 
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show  that  the  electrostatic  potential  of  the  aromatic  ring  is  not  a  dominant  aspect  of  the 
aryl-aryl  interaction  and  suggest  that  C-H  contacts  in  CH-ti  interactions  may  be  more 
important  {10).  In  addition,  mutations  in  amylin,  the  amyloidogenic  peptide  responsible 
for  type  II  diabetes,  indicate  that  aromatic  residues  in  the  sequence  are  not  required  for 
fibril  formation.  Tracez  et  al  show  that  amylin  fragments  with  the  aromatic  Phe  residues 
replaced  by  Leu  residues  were  still  able  to  form  amyloid  {11).  Furthermore,  Marek  et  al 
reported  that  an  amylin  triple  mutant,  where  all  three  aromatic  residues  were  mutated  to 
Leu  (F15L/F23L/Y37L),  readily  formed  fibrils  {12). 

I  wanted  to  determine  if  aromatic  residues  were  necessary  for  AB  aggregation  and 
fibrilization.  To  investigate  this,  Phe  residues  in  the  central  hydrophobic  cluster  (position 
19  and  20)  were  mutated  to  He  (AB42  F19I/F20I,  referred  to  as  42  lie  He)  and  Leu  (AB42 
L19L/F20L,  referred  to  as  42  Leu  Leu)  and  were  tested  for  their  aggregation  propensity. 
The  same  mutations  were  made  to  the  40  length  peptide,  AB40  F19I/F20I  (40  He  He)  and 
AB40  F19L/F20L  (40  Leu  Leu). 

I  also  wanted  to  investigate  the  mechanism  of  aggregation  inhibition  by  aromatic 
and  non- aromatic  compounds.  To  test  whether  disruption  of  the  7i-stacking  is  the 
mechanism  of  inhibition  by  aromatic  inhibitors,  aromatic  aggregation  inhibitors  were 
added  to  both  42  He  He  and  40  He  He  mutants.  To  test  if  non-aromatic  inhibitors  could 
inhibit  wild  type  AB,  non-aromatic  inhibitors  were  also  added  to  wild  type  AB42,  as  well 
as  42  He  He  and  40  He  He  mutants. 
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4.3.  Results 


4,3.1.  Aggregation  and  fibrilization  propensity  of  AB  mutant  peptides  lacking  Phe 
19  and  Phe  20 

In  order  to  determine  the  aggregation  and  fibrilization  propensity  of  AB  mutants 
without  aromatie  residues  Phe  19  and  Phe  20,  both  of  these  Phe  residues  were  mutated  to 
the  same  non-aromatic  residue.  He  and  Leu  residues  were  chosen  to  replace  Phe  because 
they  are  similar  in  charge,  hydrophobicity  and  P  sheet  propensity  when  compared  to  Phe 
(Table  4.2).  In  addition,  comparing  He  and  Leu  mutations  also  provided  information  on 
how  physical  structural  differences  affect  aggregation.  A  soluble  AB42  peptide  double 
mutant  (AB42  F19S/L34P,  known  as  GM6)  was  used  as  an  non-aggregation  control 
{13).  All  AB  mutant  sequences  that  were  investigated  for  aggregation  propensity  are 
shown  in  Figure  4.4. 

Table  4,2.  Hydrophobicity  and  P  sheet  propensity  of  Phe,  He  and  Leu.  Hydrophobicity 
values  from  {14)  (measured  by  partition  coefficient  between  water  and  octanol)  and  beta 
sheet  propensity  from  {15) 


amino  acid  residue 

hydrophobicity 

b  sheet  propensity 

Phe 

-1.79 

-0.56 

lie 

-1.80 

-0.55 

Leu 

-1.70 

-0.48 
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AB  mutants 

AB40 

WT40 

AB42 

WT42 

AB40F19I/F20I 

40  lie  He 

AB40F19I/F20I 

40  Leu  Leu 

AB40F19I/F20I 

42  He  He 

AB40  F19I/F20I 

42  Leu  Leu 

AB42  F19S/L34P 

GM6 

1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 


M  V  G  G  V  V 

M  V  G  G  V  V 


M  V  G  G  V  V 

M  V  G  G  V  V 


M  V  G  G  V  V 

M  V  G  G  V  V 


I  A 


I  I  G 


m 


M  V  G  G  V  V  I  A 


Figure  4,4,  Amino  acid  sequences  of  AB42  and  mutants  used  in  this  study.  Amino  aeid  sequences  are  shown  using  the  single 
letter  code  with  non-polar  residues  in  yellow,  polar  residues  in  red,  and  glycine  in  blue.  Mutations  are  boxed. 
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The  aggregation  profile  for  AB42  and  mutants  was  determined  by  measuring 
thiofiavin  T  fluoreseenee.  Thiofiavin  T  is  a  dye  that  exhibits  negligible  fiuoreseenee  in 
solution  but  experienees  a  signifieant  inerease  in  fiuoreseenee  intensity  after  binding  to 
amyloid  fibrils  {16).  Higher  thiofiavin  T  fiuoreseenee  indieates  inereased  aggregation 
and  fibrilization.  The  aggregation  profile  of  AB42  is  shown  in  green  in  Figure  4.5.  The 
typieal  aggregation  profile  of  AB42  has  a  short  lag  phase,  followed  by  an  assembly  and 
growth  phase.  The  soluble  mutant,  GM6  (in  purple),  does  not  show  any  signifieant 
thiofiavin  T  fiuoreseenee  when  eompared  to  AB42,  indieating  less  aggregation. 
Surprisingly,  the  mutant  with  the  highest  aggregation  profile  is  the  42  He  He  mutant  (in 
blue).  The  42  He  He  mutant  has  virtually  no  lag  time  before  signifieant  thiofiavin  T 
fiuoreseenee  is  seen.  Also,  the  42  He  He  mutant  is  mueh  faster  at  aggregation  when 
eompared  to  the  wild  type  AB42  and  42  Leu  Leu  (in  red)  mutants.  After  7  hours,  the  42 
He  He  mutant  has  already  reaehed  70%  of  its  total  Huoreseenee.  The  42  Leu  Leu 
aggregation  profile,  as  shown  in  red,  has  a  more  pronouneed  lag  time  before  entering  the 
assembly/growth  phase.  The  fiuoreseenee  intensity  of  the  42  Leu  Leu  mutant  was  less 
than  AB42  until  approximately  30  hours,  where  the  42  Leu  Leu  mutant  starts  to 
aggregate  very  quiekly. 
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Figure  4,5,  Aggregation  profile  in  hours  of  AB42  and  mutants  as  determined  by 
thioflavin  T  fiuorescenee.  Each  peptide  is  at  a  concentration  of  20  uM,  incubated  at  31°C 
under  quiescent  conditions.  Measurements  are  an  average  of  two  readings. 

In  Figure  4.5,  the  slope  of  the  42  Leu  Leu  aggregation  profile  indicates  that  it  is 
still  increasing  at  the  end  of  7  days.  A  longer  aggregation  profile  was  taken  with  AB42, 
42  He  He,  and  42  Leu  Leu  as  shown  in  Figure  4.6.  As  shown  in  Figure  4.6,  the  42  He  He 
mutant  again  has  the  fastest  aggregation  profile.  Interestingly,  the  fluorescence  of  the  42 
Leu  Leu  mutant  continued  to  increase  and  was  higher  than  the  42  He  He  mutant  when  the 
aggregation  timecourse  ended.  However,  the  42  Leu  Leu  mutant  did  not  show  the  same 
lag  time  as  the  first  aggregation  profile. 
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Figure  4,6,  Aggregation  profile  in  days  of  AB42  and  mutants  as  determined  by 
thioflavin  T  fluorescence.  Each  peptide  is  at  a  concentration  of  20  uM,  incubated  at  37°C 
under  quiescent  conditions.  Measurements  are  an  average  of  three  readings. 

I  also  wanted  to  identify  the  effect  on  the  aggregation  profiles  for  the  40  residue 
peptide  mutants.  AB40  is  two  residues  shorter  than  AB42,  more  abundantly  found,  and 
is  less  amyloidogenic  (77).  Figure  4.7  shows  the  aggregation  kinetics  of  the  40  He  He 
and  40  Leu  Leu  mutants  when  compared  to  wild  type  AB42  and  AB40.  The  AB40  He  He 
aggregation  profile  (in  blue)  is  much  faster  than  the  wild  type  AB40  profile  (in  purple). 
Interestingly,  the  aggregation  profile  of  40  He  He  is  almost  equal  to  the  aggregation 
profde  of  wild  type  AB42  (in  green).  As  discussed  in  Chapter  1,  AB40  is  missing  two  C- 
terminal  amino  acids,  (He  41  and  Ala  42)  and  is  known  to  aggregate  slower  than  AB42. 
Thus,  it  is  striking  that  the  Phe  to  He  double  mutant  in  the  context  of  the  40  residue 
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peptide  is  similar  to  the  wild  type  AB42  aggregation  profde,  as  the  hydrophobieities  of 
the  Phe  and  He  peptides  are  similar  (Table  4.2). 


Figure  4,7,  Aggregation  profile  in  days  of  AB40  and  mutants  as  determined  by 
thioflavin  T  fluorescence.  Each  AB  peptide  is  at  a  concentration  of  20  uM,  incubated  at 
37°C  under  quiescent  conditions.  Measurements  are  an  average  of  three  readings. 

These  thioflavin  T  aggregation  profiles  show  the  same  trend  in  both  mutant  AB 
42  and  40  peptides  with  both  Phe  19  and  20  mutated  to  He.  The  He  He  mutation  has  the 
fastest  aggregation  profile  in  both  the  42  and  40  length  mutants,  while  the  Leu  Leu 
mutant  has  a  pronounced  lag  time  before  a  very  rapid  increase  in  fluorescence  in  both 
peptide  lengths.  As  shown  by  the  thioflavin  T  fluorescence  kinetic  profiles  of  both  AB40 
and  AB42  peptide  mutants,  these  results  clearly  demonstrate  that  aromatic  residues  in  AB 
are  not  required  or  necessary  for  AB  aggregation  and  fibrilization. 
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4,3,2,  Electron  microscopy  images  of  42  He  He  and  42  Leu  Leu  mutant  AB  peptides 


In  order  to  determine  if  these  mutants  were  able  to  form  fibrils,  EM  images  of  the 
mutants  were  taken  to  identify  fibril  formation,  and  to  compare  fibril  morphologies  of  the 
peptide  mutants.  The  EM  images  of  mutant  fibrils  are  shown  in  Eigure  4.8.  AB42  fibrils 
are  abundant,  with  the  morphology  of  the  fibrils  being  straight,  long  and  unbranched.  42 
He  He  fibrils  are  also  very  abundant,  straight,  long  and  unbranched.  AB42  Ecu  Eeu 
fibrils  are  less  abundant  than  the  AB42  He  He  mutant,  but  otherwise  similarly  long  and 
unbranched.  The  EM  images  clearly  show  that  both  42  He  He  and  42  Eeu  Eeu  mutants 
can  form  fibrils. 
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AB42  42  lie  lie  42  Leu  Leu 


Figure  4,8.  Electron  microscopy  images  of  AB42,  42  He  He,  and  42  Leu  Leu  mutants. 
Librils  imaged  after  7  days  of  quiescent  incubation  at  37°C.  Scale  bar:  100  nm. 

4,3,3.  Inhibiting  AB  He  He  and  Leu  Leu  mutants  with  aromatic  inhibitors 

Since  the  EM  images  of  the  He  He  and  Leu  Leu  mutants  showed  distinct  fibril 
formation,  I  wanted  to  know  if  aromatic  drugs  could  inhibit  the  aggregation  of  these 
mutants.  As  discussed  in  Chapter  1,  many  AB  aggregation  inhibitors  are  aromatic.  The 
exact  aggregation  inhibition  mechanism  is  unknown,  but  Gazit  has  suggested  that 
aromatic  compounds  disturb  and  destabilize  the  AB  7i-stacking  process  in  aggregation,  as 
shown  in  Ligure  4.2.  If  this  is  indeed  the  mechanism  of  inhibition,  aromatic  compounds 
should  be  more  effective  at  inhibiting  the  wild  type  AB42  peptide  than  either  the  42  He 
He,  or  42  Leu  Leu  mutants.  I  also  investigated  whether  or  not  non-aromatic  compound 
inhibitors  would  also  be  more  effective  at  inhibiting  the  He  He  and  Leu  Leu  mutants  than 
the  wild  type  AB42  peptide. 

Three  aromatic  AB  aggregation  inhibitors  and  one  non-aromatic  aggregation 
inhibitor  were  selected  for  testing  in  wild  type  AB42  and  both  42  and  40  He  He  mutants. 
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Congo  Red  is  an  amyloid  staining  agent  and  has  been  shown  to  inhibit  aggregation  {19). 
Resveratrol  is  sirtuin  aetivator  that  extends  the  lifespan  in  S.  cerevisiae,  and  has  been 
shown  to  promote  intraeellular  degradation  of  AB,  but  has  not  been  shown  to  inhibit  AB 
peptide  aggregation  {20,  21).  Cureumin  is  a  spiee  found  in  yellow  eurry,  and  shown  to 
inhibit  AB  oligomerization  and  fibrilization  {22).  Myristyltrimethylammonium  bromide 
(MTMA),  a  detergent  like  eompound,  was  shown  to  inhibit  AB  aggregation  and  seleeted 
as  the  non-aromatie  inhibitor  {23). 


Resveratrol  Congo  red 


Cureumin 


MTMA 


Figure  4,9.  Strueture  of  aromatic  and  non-aromatic  inhibitors 

As  shown  in  Figure  4.10,  the  aromatic  drugs  resveratrol,  cureumin,  and  Congo 
Red  are  effective  at  reducing  aggregation  in  AB42  (shown  in  blue).  However,  all  three 
aromatic  drugs  also  are  equally  effective  at  inhibiting  aggregation  in  both  42  and  40 
length  He  He  mutants  (shown  in  red  and  green,  respectively).  The  inhibition  levels  for 
wild  type  AB  and  He  He  mutants  are  very  similar  for  all  three  compounds.  Congo  Red  is 
especially  effective,  completely  preventing  any  thioflavin  T  fluorescence,  suggesting 
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total  aggregation  inhibition  in  both  wild  type  AB  and  He  He  mutants.  These  results  show 
that  aromatie  eompounds  are  equally  effeetive  at  inhibiting  AB  aggregation,  and  do  not 
favor  AB  peptide  with  aromatie  residues.  Beeause  aromatic  compounds  equally  inhibit 
AB42  and  both  He  He  mutants,  this  suggests  that  the  mechanism  for  aggregation 


inhibition  by  aromatic  compounds  is  not  due  to  the  disruption  of  7i-stacking. 


Aggregation  inhibiton  of  aromatic  compounds  on  AB42 
and  non  aromatic  mutants 


■  AB42 

■  42  lie  lie 

■  40  lie  lie 

■  Buffer 


Figure  4,10,  Aggregation  reduction  by  aromatic  compounds  of  AB42  and  He  He 
mutants,  as  measured  by  thioflavin  T  fluorescence.  Lower  numbers  indicate  aggregation 
inhibition.  20  uM  AB  concentration,  100  uM  drug  concentration,  5  hour  incubation  at 
37°C,  triplicate  samples.  Standard  error  reported. 

Since  aromatic  compounds  were  equally  effective  at  inhibiting  both  He  He  AB 
mutants,  I  also  wanted  to  see  if  a  non-aromatic  aggregation  inhibitor  was  more  effective 
at  inhibiting  aggregation  on  the  He  He  mutants  than  on  wild  type  AB42.  As  shown  in 


no 


Figure  4.1 1,  MTMA  is  equally  effeetive  at  redueing  aggregation  in  wild  type  AB42  and 
in  both  42  and  40  length  lie  lie  mutants. 


Aggregation  inhibition  of  MTMA  on  AB42  and  non¬ 
aromatic  mutants 


■  No  Drug 

■  MTMA 


Figure  4,11,  Aggregation  reduetion  by  non-aromatic  MTMA  of  AB42  and  lie  He 
mutants,  as  measured  by  thioflavin  T  fluorescence.  Lower  numbers  indicate  aggregation 
inhibition.  20  uM  AB  concentration,  100  uM  drug  concentration,  5  hour  incubation  at 
37°C,  triplicate  samples.  Standard  error  reported. 

4,3,4,  Toxicity  of  AB  He  He  and  Leu  Leu  mutants 

Since  the  He  He  mutants  have  very  high  aggregation  rates,  1  wanted  to  identify  if 
there  was  a  correlation  between  the  AB  aggregation  rate  and  toxicity.  1  hypothesized  that 
the  faster  aggregating  mutants  might  be  less  toxic  because  the  toxic  oligomer  would  not 
exist  for  an  extended  period  of  time. 
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For  the  toxicity  assays,  I  studied  two  incubation  times  for  the  mutant  peptides, 
fresh  and  aged.  The  fresh  condition  consisted  of  AB  peptide  solution  immediately  added 
to  PC12  cells  and  incubated  for  24  hour  with  PC12  cells.  The  aged  condition  consisted 
of  AB  peptide  solution  incubated  for  72  hours  at  37°C,  followed  by  a  24  hour  incubation 
with  PC  12  cells.  PC  12  cell  viability  of  AB  and  mutants  40  He  He  and  40  Leu  Leu  are 
shown  Figure  4.12.  The  PC12  cells  incubated  with  fresh  and  aged  AB40  were  not  toxic, 
while  the  AB42  samples  show  a  similar  toxicity  in  both  fresh  and  aged  conditions.  The 
fresh  40  He  He  mutant  sample  is  slightly  toxic,  while  the  aged  40  He  He  sample  is  very 
toxic.  The  40  Leu  Leu  mutant  is  not  toxic  under  either  condition.  This  viability  study 
shows  that  mutations  that  increase  aggregation  are  toxic,  with  the  aged  40  He  He 
condition  being  even  more  toxic  than  even  aged  wild  type  AB42. 
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Viabilty  of  40  He  He  and  40  Leu  Leu  mutants 


buffer 

AB40  AB40 

AB42  AB42 

40  lie  40  lie 

40 

40 

only 

fresh  aged 

fresh  aged 

Me  lie 

Leu 

Leu 

fresh  aged 

Leu 

Leu 

fresh 

aged 

Figure  4,12,  Viability  of  PC12  cells  when  treated  with  AB  and  mutants.  PC12  cells 
with  AB  concentration  of  20  uM,  and  incubated  for  24  hours.  Samples  measured  in 
triplicate  with  standard  error  reported. 

In  Figure  4.13,  the  viability  of  the  PC  12  cells  treated  with  AB  double  mutants  40 
He  He  and  42  He  He  are  compared.  In  the  fresh  condition,  the  40  He  He  mutant  is  slightly 
toxic,  while  the  fresh  condition  for  the  42  He  He  mutant  is  very  toxic.  Both  the  40  and  42 
He  He  mutants  are  very  toxic  in  the  aged  condition,  and  even  more  toxic  than  the  aged 
wild  type  AB42  peptide.  This  data  again  suggests  that  the  toxicity  of  AB  peptides  is 
correlated  to  aggregation  propensity  of  the  mutant  peptide.  The  data  from  the  42  and  40 
He  He  mutants  and  from  40  Leu  Leu  mutants  suggests  that  aggregation  rate  ean  determine 
toxicity. 
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Viability  of  40  He  He  and  42  He  He  mutants 


buffer  AB40  AB40  AB42  AB42  40  lie  40  lie  42  Me  42  lie 
only  fresh  aged  fresh  aged  Me  Me  lie  lie 

fresh  aged  fresh  aged 


Figure  4,13,  Viability  of  PC12  cells  when  treated  with  40  He  He  and  42  He  He.  PC12 
cells  with  concentration  of  20  uM,  and  incubated  for  24  hours.  Samples  measured  in 
triplicate  with  standard  error  reported. 

4.4.  Discussion 

It  has  been  proposed  that  aromatie-aromatic  interactions  play  an  important  role  in 
the  aggregation  of  amyloid  fibrils,  and  that  disrupting  the  7i-stacking  in  amyloid  fibrils  is 
a  meehanism  for  inhibition  (2).  However,  recent  reports  have  questioned  the  role  of 
aromatie  7i-stacking  in  amyloid  aggregation  {11,  12).  As  shown  by  the  thiofiavin  T 
aggregation  profiles  and  EM  images  of  fibrils  from  both  42  He  He  and  42  Leu  Leu 
mutants  described  in  this  chapter,  it  is  clear  that  aromatic  residues  are  not  required  or 
neeessary  for  aggregation  or  fibril  formation.  In  fact,  the  mutant  with  the  fastest 
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aggregation  profile  is  the  42  He  He  mutant,  whieh  does  not  include  any  aromatic  residues 
in  the  central  hydrophobic  cluster  of  AB. 

Distinct  amyloid  fibrils  were  seen  in  the  EM  images  of  the  42  He  He  mutant.  A 
second  mutant  that  was  able  to  form  fibrils  was  the  42  Leu  Leu  mutant.  The  42  Leu  Leu 
mutant  was  also  able  to  aggregate  and  form  fibrils,  but  at  a  rate  much  slower  than  the  42 
He  He  mutant.  The  EM  images,  in  addition  to  the  thiofiavin  T  aggregation  data,  clearly 
show  that  aromatic  residues  are  not  required  or  necessary  for  aggregation  or  fibrilization. 

The  increase  in  aggregation  was  seen  in  the  40  length  double  mutants.  The  40  He 
He  mutant’s  aggregation  profile  was  much  faster  than  the  profile  for  the  40  Leu  Leu 
mutant.  The  40  He  He  mutant’s  aggregation  profile  was  similar  to  that  of  wild  type 
AB42,  which  is  striking,  since  AB40  is  known  to  aggregate  much  more  slowly  than 
AB42.  It  is  interesting  to  note  that  changing  two  residues  within  the  central  hydrophobic 
cluster  can  modify  the  aggregation  rate  from  the  wild  type  AB40  to  AB42.  Kim  and 
Hecht  identified  that  hydrophobicity  of  the  residues  at  position  41  and  42  were  a  major 
contributor  to  the  increased  aggregation  (18).  The  data  in  this  chapter  suggests  that  the 
hydrophobicity  of  the  residues  in  the  central  hydrophobic  cluster  are  as  important  for 
aggregation  propensity  as  they  are  in  positions  41  and  42.  Another  trend  identified  was 
that  the  40  Leu  Leu  mutant  also  had  a  very  long  lag  before  significant  aggregation, 
similar  to  that  seen  in  the  42  Leu  Leu  mutant. 

The  increase  in  lag  time  (nucleation)  with  Leu  Leu  mutants  in  40  and  42  length 
peptides  was  similar  to  the  results  that  Marek  et  al  describe  in  their  study  of  non-aromatic 
amylin  mutants.  In  their  experiment,  they  mutated  the  three  aromatic  residues  to  Leu 
(LI5L/L23LAf37L).  This  amylin  triple  mutant  was  able  to  form  fibrils,  but  at  a  slower 
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rate  than  wild  type  amylin.  They  eoneluded  that  aromatic  residues  were  not  necessary  for 
fibril  formation,  but  that  aromatic  residues  influence  the  aggregation  rate  as  specific 
residue  have  a  propensity  for  aggregation  {12).  It  would  be  interesting  to  know  if  the 
triple  amylin  He  mutation  would  aggregate  faster  than  the  wild  type  amylin  peptide. 

A  recent  analysis  of  the  aggregation  propensity  of  all  natural  amino  acids  by 
Dobson  and  co-workers  suggested  that  Trp  and  Phe  residues  are  significantly  more 
amyloidogenic  than  aliphatic  amino  acids;  about  3  and  6  times  higher  than  that  of  He  and 
Val  {24).  These  experimental  results  differed  from  their  analysis.  Their  analysis  would 
suggest  that  wild  type  AB42,  with  two  Phe  residues  at  19  and  20,  would  aggregate  faster 
than  the  42  He  He  mutant.  It  is  clear  that  a  factor  other  than  aromaticity  must  be  favoring 
the  aggregation  of  the  42  He  He  mutant  over  wild  type  AB42.  This  mutant  provides  clear 
evidence  that  aromatic  residues  are  not  critical  for  AB  aggregation  and  fibrilization.  As 
shown  in  Table  4.2,  the  He  residue  is  similar  in  hydrophobicity  and  P  sheet  propensity  to 
both  the  Leu  and  Phe  residues.  As  mutations  in  the  sequence  of  AB  determine  the 
aggregation  pathway,  the  He  He  mutant  is  likely  to  nucleate  faster,  leading  to  increased 
fibril  formation,  or  pack  better  in  the  core,  leading  to  a  lower  energy  structure  than  wild 
type  AB42.  Another  possible  explanation  is  that  7i-stacking  may  actually  slow  the 
nucleation  and  aggregation  process.  As  shown  in  Figure  4.1,  there  are  four  possible  n- 
stacking  structures  that  can  be  formed  from  two  aromatic  moieties.  This  means  that  each 
of  the  three  Phe  residues  in  the  AB  sequence  can  form  multiple  “incorrect”  7i-stacking 
interactions  with  other  Phe  residues  from  other  AB  peptides  until  it  reaches  the  final, 
global  low  energy  form.  Since  each  7i-stacking  interaction  is  a  favorable  interaction,  it 
will  take  an  increased  amount  of  time  to  find  the  lowest  energy  state. 
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The  data  on  the  40  and  42  Leu  Leu  mutants  is  in  agreement  with  the  amylin 
mutations  found  by  Traez  et  al  and  Marek  et  al.  Both  studies  found  that  the  Phe  to  Leu 
mutant  peptides  were  able  to  form  fibrils,  but  the  mutation  deereased  the  rate  of  fibril 
formation.  The  same  trend  was  seen  in  both  of  our  40  and  42  length  Leu  Leu  AB 
mutants.  Both  of  these  mutants  were  able  to  aggregate  and  form  fibrils,  but  they  had  an 
extended  lag  time  before  inereased  aggregation.  However,  after  the  extended  lag  time, 
the  aggregation  rate  dramatieally  inereased,  as  determined  by  the  inerease  in  thioflavin  T 
fluoreseenee.  In  eontrast,  the  42  He  He  mutants  had  virtually  no  lag  time  whatsoever,  and 
was  also  able  to  form  fibrils.  (The  eomparable  He  mutations  in  amylin  were  not 
reported.)  The  differenee  between  the  two  amino  aeids  leueine  and  isoleueine  is  the 
branehing  of  a  methyl  group.  In  isoleueine,  the  methyl  group  branehes  from  the  a 
earbon,  and  in  leueine,  it  branehes  from  the  P  earbon.  This  small  ehange  eompletely 
ehanges  the  aggregation  kinetics  of  AB.  The  reason  for  this  can  be  explained  by  better 
packing  in  the  core  packing  of  AB  (Figure  4.3),  or  increased  nucleation,  as  discussed 
previously. 

Since  the  He  He  mutants  were  capable  of  aggregating  and  forming  fibrils,  I 
wanted  to  test  if  aromatic  compounds  were  capable  of  inhibiting  these  AB  mutants.  The 
data  shows  that  the  aromatic  aggregation  inhibitors  resveratrol,  curcumin,  and  Congo  Red 
are  equally  effective  at  inhibiting  wild  type  AB  (with  aromatic  residues  FI 9  F20)  and 
mutant  peptides  aggregation  (without  aromatic  peptides  at  position  19  and  20).  Because 
these  aromatic  compounds  inhibited  He  He  mutant  peptide  aggregation,  this  suggests  that 
disruption  of  the  7i-stacking  process  is  not  the  major  inhibition  mechanism  by  aromatic 
compounds.  In  addition,  the  non- aromatic  compound  inhibitor  MTMA  was  able  to 
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equally  inhibit  wild  type  AB42  and  the  40  and  42  He  He  mutants.  It  is  interesting  to  note 
that  both  aromatie  and  non-aromatie  aggregation  inhibitors  were  equally  effeetive  at 
inhibiting  wild  type  and  mutant  AB  peptides;  aromatie  inhibitors  were  not  more  effeetive 
at  inhibiting  wild  type  AB,  and  non-aromatie  inhibitors  were  not  more  effeetive  at 
inhibiting  the  He  He  mutants.  These  data  are  also  consistent  with  the  suggestion  that 
disruption  of  7i-stacking  is  not  the  primary  mechanism  for  aggregation  inhibition  by 
aromatic  compounds.  Hydrophobic  interactions  are  likely  to  have  a  larger  role  in 
aggregation  inhibition  than  the  disruption  of  the  aromatic-aromatic  interactions. 

Finally,  the  toxicity  of  AB  mutants  lacking  aromatic  residues  in  the  central 
hydrophobic  cluster  was  also  studied.  The  faster  aggregating  mutants  seemed  to  be  more 
toxic  than  the  slower  aggregating  mutants.  The  AB42  He  He  mutant  was  significantly 
more  toxic  than  AB42,  and  the  40  He  He  mutant  was  more  toxic  than  the  40  Leu  Leu  in 
both  fresh  and  aged  conditions.  In  both  examples,  the  faster  aggregating  mutant  was 
more  toxic.  This  suggests  that  peptide  toxicity  is  correlated  to  aggregation  propensity. 

4.5.  Summary 

I  have  demonstrated  that  aromatic  residues  are  not  required  for  AB  aggregation 
and  fibrilization.  Surprisingly,  the  AB42  He  He  is  significantly  faster  at  aggregation 
compared  to  wild  type  AB42.  I  have  also  shown  that  aromatic  aggregation  inhibitors  can 
also  inhibit  aggregation  mutants  without  aromatic  residues  in  the  central  hydrophobic 
cluster  with  the  same  effectiveness,  suggesting  that  aromatic  compounds  do  not  inhibit 
aggregation  by  disturbing  the  7i-stacking  interaction.  Finally,  I  show  that  the  both  the  40 
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and  42  He  He  mutations  are  toxic,  and  in  some  cases,  even  more  toxic  than  wild  type 
AB42. 
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4.6.  Materials  and  methods 


Peptide  purification.  Crude  peptides  from  solid  phase  synthesis  were  purchased 
from  the  Keck  Institute  at  Yale  University,  and  purified  using  a  C4  reverse  phase  column. 
Solvent  gradients  were  run  at  65‘’C  using  solvent  A  (95%  water,  5%  acetonitrile,  0.1% 

IF  A);  and  Solvent  B  (50%  acetonitrile,  50%  water,  0.1%  IF  A). 

Thiofiavin  T  Assay.  Peptides  were  dissolved  in  300  uL  DMSO  and  diluted  with 
5  mL  of  8  mM  NaOH  for  a  final  peptide  concentration  of  20  uM.  Concentrated  PBS 
buffer  was  added  to  the  solution  to  adjust  the  pH  (final  concentration:  50  mM  NaH2P04, 
100  mM  NaCl,  pH  7. 10  -  7.20).  Samples  were  incubated  with  and  without  compound  at 
37°C  under  quiescent  conditions  for  the  indicated  time  period.  At  various  timepoints, 

100  uL  aliquot  of  peptide  sample  was  mixed  with  100  uL  of  a  solution  of  thiofiavin  T  (7 
uM  ThT,  50  mM  glycine-NaOH,  pH  7.10)  and  fluorescence  was  measured  at  483  nm 
(excitation  at  450  nm)  on  a  Varioskan  Plate  reader  (Thermo).  Some  samples  were 
measured  on  a  Yyon  Fluoromax  3  Spectrofluorimeter.  A  500  uL  aliquot  of  sample  was 
added  to  2.7  mL  of  7  uM  ThT  into  a  4  sided  fluorescence  cuvette.  Excitation  was  at  450, 
and  the  emission  wavelength  was  scanned  from  470  -  490  nm.  The  data  at  483  nm  was 
selected  for  data  analysis. 

Electron  Microscopy.  Solutions  were  prepared  as  described  above  at  peptide 
concentrations  of  20  uM.  Samples  were  incubated  at  37“C  under  quiescent  conditions  for 
the  indicated  time  period.  Following  incubation,  glow  discharged  formvar  carbon  coated 
grids  were  floated  on  a  drop  of  each  sample  for  2  minutes,  washed  twice  with  distilled 
water,  and  then  stained  for  20  minutes  with  1%  uranyl  acetate.  Samples  were  imaged 
using  a  Zeiss  912ab  Electron  Microscope. 
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Toxicity  experiments.  Rat  pheochromocytoma  (PC  12)  cells  (ATCC,  Rockville, 
MD)  were  grown  on  collagen  coated  , tissue  treated  petrie  dishes  (Falcon)  in  complete 
growth  media  (82.5%  F12K  15%  horse  serum,  2.5%  fetal  bovine  serum,  ATCC 
Rockville,  MD)  in  a  humidified  incubator  at  37oC  and  5%  C02  (Herra,  Thermo 
Scientific).  Cells  were  grown  to  confluence,  harvested  by  spraying  through  an  18.5 
gauge  needle,  resuspended  in  fresh  media  and  plated  onto  tissue  treated  flat  bottom  96 
well  plates  (Costar)  at  a  density  of  10  000  cells  per  well  (100  uL/well).  Plates  were 
incubated  at  37“C  for  24  hours  to  allow  cells  to  attach.  Lyophilized  AB42  (1  mg)  was 
dissolved  in  100  uL  of  cell  culture  grade  DMSO  (ATCC),  briefly  sonicated  and  then 
diluted  with  1.0  mL  of  sterile  1  x  PBS  buffer  (Invitrogen)  for  a  final  stock  concentration 
of  200  uM.  10  uL  of  the  final  AB42  peptide  solution  was  added  to  each  well  (100  uL)  for 
a  final  peptide  concentration  of  20  uM.  Plates  with  AB  peptide  were  incubated  for  24 
hours.  Cell  viability  was  determined  with  the  MTT  assay  (Roche,  Nutley,  NJ).  Briefly, 

10  uL  of  MTT  was  added  to  each  well.  After  incubation  for  4  hr  at  37“C,  100  uL  of 
solubilization  solution  (10%  SDS  in  0.01  M  HCl)  was  added  and  incubated  overnight  at 
37oC.  The  absorbance  at  570  nm  was  measured  using  a  microplate  reader  (Thermo 
Varioskan),  with  background  subtraction  (670  nm).  Statistical  significance  was 
calculated  with  the  two  tailed  (uncorrelated)  TTEST  function  in  Excel. 
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